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INTRODUCTION 
The use of systems analysis in the modeling of beef cattle production 
and marketing systems appears to be rapidly gaining acceptance by animal 
scientists. Also feasibility studies are routinely conducted for many 
projects which require large expenditures of resources. Beef cattle 
breeding experiments are presently quite costly in the time of the re­
searcher and the expenditure for resources required to meet the goals of 
the experiment. Thus, it would seem appropriate to combine the use of 
systems analysis methods, specifically linear programming (LP), with 
experimental design considerations in determining the feasibility of 
beef cattle breeding experiments. 
. This combination Is accomplished by using LP simulation of alterna­
tive methods of conducting an experiment that meets a set of goals. The 
results of the simulation could be used to good advantage as a means of 
justification of the costs of the experiment in the project proposal to 
an administrator in addition to avoiding the initiation of experiments 
for which the facilities, manpower, or budget is not sufficient to ade­
quately meet the goals. LP simulation should help to ensure that the 
experiment if conducted is done in a statistically sound manner (i.e. in 
a manner which will allow the detection of statistically significant dif­
ferences of a given size if such differences do exist). The method of 
conducting the experiment selected is the one which accomplishes the 
goals at minimum cost. 
The purpose of this dissertation is to discuss the basics of linear 
programming and experimental design and then to explain how they can be 
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combined In the LP simulation of a simple experiment. An LP simulation 
of a rather complex crossbreeding program to Investigate the heterosis 
retention of a synthetic breed of beef cattle is then developed and 
optimized and the results are analyzed. Finally the potential value of 
LP simulation of experiments is examined based on the research of this 
dissertation. 
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REVIEW OF LITERATURE 
There do not appear to be any references to the use of linear pro­
gramming In the Improvement of experimental design In the literature. 
As a consequence of this fact, the literature review will be brief. Ref­
erences are cited which describe the applications of linear programming 
to animal science and the use of economic considerations In the design 
of animal breeding experiments. Some background material is discussed 
with regard to the current importance of synthetic breeds of beef cattle. 
One of the first applications of linear programming in Animal Science 
was in the formulation of least cost rations for dairy cows as described 
by Bath et al. (1968). Linear programming was later utilized in formulat­
ing rations using the Lofgreen-Garrett net energy system (Brokken, 1971). 
In addition, linear programming has been used quite extensively to investi­
gate optimal commercial beef cattle breeding systems (Long, 1972; Leigh, 
1972; Long et al., 1975; Cartwright et al., 1975; Fltzhugh et al., .1975). 
In these studies each of several commercial breeding systems was simulated 
in a linear programming model and then the optimal system was discussed 
depending upon varying price and resource relationships. Melton (1976) 
utilized a production function which related gain to breed type, genetic 
level, energy costs, feed efficiency and degree of maturity in combining 
economic principles and animal breeding concepts in a single linear pro­
gramming model. Koong et al. (1975) described the use of linear program­
ming in a course taught at the University of California at Davis to intro­
duce systems analysis to animal science students. 
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Joandet and Cartwright (1975) and Smith and Harrison (1977) have 
discussed the potential for systems analysis in animal science research. 
Both of these articles contain discussion of the potential uses of 
linear programming in the simulation of experiments and the determination 
of critical coefficients in the modeling process. 
There are numerous reports of the use of economic considerations in 
determining the optimal structure of animal breeding programs, particularly 
with regard to performance and progeny testing. Dairy cattle breeding 
programs have been frequently studied in this manner because the costs 
of progeny testing and bull maintenance are high. Many studies have 
been conducted that examine the optimal progeny testing structure for a 
dairy breed (Vinson and Freeman, 1974; Lindhe, 1968; Van Vleck, 1964; 
Soller et al.» 1966; Hill, 1971c; Skjervold and Langholz, 1964; Hinks, 
1970, 1971; and James, 1972). The majority of these studies used a 
discounted cash flow method of examining the costs of a given type of 
selection program relative to the returns expected in the population in 
later years as a result of the various types of selection. In general 
these studies consider a restriction of some type In terms of the re­
sources available for selection procedures such as the number of bulls 
which can be progeny tested. These studies did not look at experimentation 
in the same manner as is used In this dissertation where the returns from 
animals sold from the project are considered and not the returns to the 
industry as a whole. 
Several articles, however, have been written which develop the con­
cepts presented in the series of papers just discussed to a point closer 
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to that used In the study presented In this dissertation. Hill (1974) 
examined the optimal experimental design to maximize net monetairy returns 
over the cost of the test. Use of this method requires estimation of 
the return to the industry if a certain breeding practice such as the 
replacement of a native breed with an improved exotic breed is utilized. 
This method also requires estimation of the rate at which the change of 
breeds would occur. A formula is derived which relates the optimum 
number of animals to the within and between herd variance, the number of 
breeds tested, the cost per animal tested, the returns to the industry 
for each unit of improvement In the character of interest, and the stan­
dardized selection differential. Grundy et (1956) described a pro­
cedure which can be used to determine whether a new breed should be accepted 
or rejected after the first test or whether further experimentation should 
be conducted. The procedure determines how large the extra trial should 
be if it is to be conducted. This method also requires estimation of the 
increase in production which can be expected In the Industry through the 
use of a new process (i.e. breed or breeding program). Using this esti­
mate, one method of arriving at an optimal amount of experimentation is 
to minimize the total risk given by the sum of the cost of the experiment 
plus the expected loss due to wrong decisions. 
Connolly (1974) examined the most efficient experimental design in 
a beef breed testing program in terms of numbers of progeny per sire and 
numbers of sires per breed to be used when the costs of measuring progeny 
and adding sires are known. The method developed could have as its objec­
tive either maximum power of the test between breeds subject to a fixed 
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total cost or minimum cost subject to fixed power of the test, in both 
cases having a fixed level of significance in the test. 
Because of the major effort used in this dissertation to develop a 
model to simulate a beef cattle crossbreeding program to investigate the 
heterosis retention in a synthetic breed of beef cattle, it is desirable 
to briefly discuss the literature regarding synthetic populations. 
Hill (1971b) defined a synthetic as any breed cross which is main­
tained as a new population, breed or gene pool. Several synthetic breeds 
of beef cattle have been developed in the United States including the 
Santa Gertrudis, Brangus, and the Beefmaster. With the importation of 
many exotic (i.e. European) breeds of cattle into the U.S. there seems to 
be even greater interest in developing synthetic breeds of beef cattle 
utilizing exoti2=breeds and breeds already present here. 
The use of synthetic breeds can offer a system by which some of the 
heterotic advantages of crossbreeding can be maintained without the use 
of a rotational crossbreeding system or terminal crossbreeding system. 
Roger (1973) cited some of the practical disadvantages of using fe­
males crossed with terminal sire breeds which include the necessity of 
having one half of the total cow numbers as purebreds and of maintaining 
a separate program for the production of females. The use of F^ fe­
males eliminates the posslbllty of producing replacement females within 
the herd unless both purebred breeds and an F^ herd are maintained which 
is not feasible In a small commercial operation. Most rotational cross­
breeding schemes result in the loss of some of the optimal heterotic 
response and are difficult to utilize commercially for several reasons. 
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Although rotational systems do allow the opportunity to raise the replace­
ment females within the herd, they generally require several breeding 
pastures and convenient sources of superior sires of all the breeds used 
in the system. Since many of the commercial herds in the midwest and the 
south are small herds, the use of rotational systems is not practical. 
A synthetic breed requires only one breeding pasture, only one breed of 
sire, and allows the production of replacement females within the herd. 
The amount of heterosis in a synthetic breed for both maternal and pro­
ductive traits theoretically is reduced one nth from the optimal where 
n is the total number of breeds used in developing the synthetics (Wright, 
1922). 
In addition to the advantage due to heterosis, a synthetic breed 
may produce a breed type which is more adapted to a particular economic 
or environmental situation than are any of the existing purebred breeds. 
This is especially true of most of the synthetic breeds which have been 
developed for use in the southernmost parts of this country. In these 
subtropical areas neither the pure Bos taurus nor Bos indicus seem to be 
fully adapted. 
Lopez-Fanjul (1974) has reviewed the development of synthetic breeds 
of cattle and other species and has concluded that only in a situation 
such as was just described is a synthetic breed likely to be successful 
commercially. Hill (1971b) also discussed the usefulness of developing 
synthetic breeds in terms of economic considerations and concluded the 
synthetics will be useful only if they show greater genetic variation than 
the current pure breeds and thus allow faster genetic progress through 
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selection. Hill and Lopez-Fanjul, however, did not take Into account 
the management factors which favor the use of synthetic breeds. 
Dlckerson (1969a) mentioned one other Important consideration con­
cerning the use of synthetic breeds which Is the possible greater loss of 
favorable eplstatlc combinations, joint effects of nonallelic genes, which 
had been fixed by selection In the parent breeds. There has been no ex­
perimental evidence to date, however, to show that recombination loss does 
occur In economically Important species. The U.S. Meat Animal Research 
Center Is currently conducting experiments to Investigate the Importance 
of eplstatlc recombination loss and to determine the feasibility of the 
development of synthetic breeds as an alternative to rotational cross­
breeding systems (U.S. Meat Animal Research Center, 1976a). 
In view of the past use of linear programming in examining methods 
of optimizing income from crossbreeding programs and the consideration 
of the costs of experiments relative to the returns received by the indus­
try in many studies, it would seem very logical to investigate the poten­
tial of linear programming in experimental design of beef cattle experi­
ments. The simulation of an experiment to examine the heterosis retention 
and possible eplstatlc recombination loss in a synthetic breed of beef 
cattle was selected for use as an example because of the current Interest 
of commercial beef cattle producers and researchers. 
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EXPERIMENTAL DESIGN 
The use of linear programming In the improvement of beef cattle ex­
perimentation can have little or no value without a proper understanding 
of the principles of experimental design. Ostle (1963) defined the design 
of an experiment as "the complete sequence of steps taken ahead of time 
to ensure that the appropriate data will be obtained in a way which per­
mits an objective analysis leading to valid inferences with respect to 
the stated problem." 
The purpose of experimental design is to ensure that a maximum amount 
of information relevant to the problem under investigation is obtained 
with the least expenditure of resources (Ostle, 1963). Determining the 
method of conducting the experiment which optimizes the allocation of 
resources to meet the goals of the experiment should be the purpose of 
experimental design. Thus Ostle stated that the designing of experiments 
should Include both statistical methodology and economic analysis. The 
economic aspects of experimental design have been largely ignored in the 
literature. The assumption is made, however, that most simple designs 
are both economical and efficient and that by striving to achieve the 
goals of the experiment with a minimum sample size that costs are being 
taken into consideration. The use of linear programming appears to pro­
vide a great opportunity to add another dimension to experimental design. 
The first step in the designing of a sound beef cattle experiment 
is to ask a question or develop an objective that is of Importance to the 
beef cattle Industry. The goal of the researcher should be to conduct 
the experiment to answer the question in a manner that allows Inferences 
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to be made to the beef Industry as a whole or to segments of the Industry 
if interactions are important. The goal of the experiment must also in­
clude consideration of the accuracy with which the question asked, the 
effect of heterosis or the addition of a feed additive to the ration, is 
to be measured. Another way of saying this is how much of a difference 
would it be important to accurately detect. The quantity of resources 
available for conducting the experiment may not be sufficient to detect 
a difference with the desired accuracy. The use of linear programming 
can allow the researcher to determine the probability of detecting a 
difference of a certain size with the resources available in advance of 
conducting the experiment. 
The procedure which is generally followed in statistical analyses is 
to hypothesize that the true effect of heterosis or of a feed additive is 
zero. The problem is to determine whether a nonzero difference is due to 
random variability in the data or due to the hypothesis not being true. 
The statistical procedure called the "power of the test" provides the 
role for deciding whether or not to reject the hypothesis of no effect. 
The rules which are used to test this hypothesis have two purposes: (i) 
true hypotheses are to be rejected only with a low frequency, usually five 
or one percent; (ii) false hypotheses are to be rejected as often as 
possible. 
It is also important to consider whether statistically significant 
differences are of a magnitude which makes them economically feasible 
alternatives to the industry. Beef cattle producers may not be willing to 
implement management or breeding program changes unless the expected 
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response over the current management or breeding program is of a magni­
tude which exceeds statistical significance. A consideration of risk 
aversion measured in terms of confidence limits on the expected improve­
ment is also of importance when recommendations to the industry are being 
considered. 
To understand how the "test of significance" operates and how ex­
pected confidence intervals can be predicted some of the basic fundamentals 
of experimental design must be well-understood. The first of these con­
cepts is that of the experimental unit. The experimental unit is the 
group of material to which a single treatment is applied in one replicate 
of a basic experiment. The term treatment refers to any procedure whose 
effect Is to be measured and compared to that resulting from other treat­
ments. 
In terms of a beef cattle experiment, the experimental unit can be 
a single animal as would usually be the case in a crossbreeding experi­
ment or it could be a group of animals fed a given quantity of a feed 
additive in the same pen. The experimental unit in a selection experiment 
would be all of the animals being selected in the same manner. The treat­
ments in a crossbreeding experiment would be the purebred and each of 
the crossbred breeding programs. In a nutritional experiment the 
type or level of an additive which is fed is the treatment. 
The term experimental error describes the variability in experimental 
units that receive the same treatment. There are two main sources of 
experimental error. The first of these is the inuerent variability which 
exists in the experimental units. The fact that cattle of the same sex. 
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age, and breed show considerable variability in appearance and in response 
to a given treatment is well understood by animal scientists. The second 
source of variability is the lack of uniformity in the physical conduct 
of the experiment. This can also be phrased as the failure to treat each 
of the experimental units receiving a given treatment exactly alike. 
These differences could arise in crossbreeding experiments through the 
use of different types of management systems on different parts of the 
herd or varying amounts of protection from the weather for pens given the 
same feed additive. 
It is very important to try to reduce experimental error in order 
to increase the accuracy with which differences between treatments are to 
be detected. There are three basic methods by which the accuracy of an 
experiment can be increased. These include increasing the size of the 
experiment by adding more replicates, refining the experimental technique 
by adding more precautions to ensure that all animals given the same 
treatment are handled as uniformly as possible, and by managing the 
experimental units so that the effects of inherent variability are re­
duced. This latter method can be accomplished by careful selection of 
the units to increase their uniformity, by taking repeated measurements 
on the experimental units when they are possible, by measurement of indi­
cator variables which can be used as covarlates to remove the experimental 
error arising from this source, and by skillful grouping of the experi­
mental units so that the units to which one treatment Is applied are 
closely comparable to those to which another treatment is applied. 
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Of the methods for increasing experimental accuracy the one which 
lends itself most readily to investigation using linear programming is 
the amount of replication. When a treatment is applied to more than one 
experimental unit in an experiment, it is said to be replicated. The 
reasons for replicating an experiment are to provide an estimate of ex­
perimental error which Ostle (1963) describes as acting as the "basic 
unit of measurement" for assessing the significance of observed differ­
ences or for determining the length of the confidence interval. Other 
reasons for the use of replication include improving the precision of 
the experiment by reducing the standard deviation of a treatment mean and 
increasing the scope of Inference of the experiment by selection and 
appropriate use of variable experimental units. 
The amount of replication required in a given experiment is pri­
marily dependent upon the degree of precision required by the experiment. 
This means how small an Improvement is it considered desirable to detect 
with a certain degree of probability and how narrow the confidence inter­
vals on the amount of Improvement must be. The quantity of replication 
to use In an experiment is extremely important to estimate correctly. 
Ten replications should not be used in an experiment for which four 
would adequately detect the difference desired. More Important still is 
to avoid conducting an experiment where the number of replicates used 
is not likely to be sufficient to detect differences of the required 
magnitude. Unfortunately the number of replications in an experiment 
are very often determined by the resources available for the experiment. 
An experiment should not be conducted if the required precision is not 
14 
attainable with the available resources. Carrying out an experiment for 
the sake of having an ongoing project, even though the numbers are not 
sufficient to adequately answer the goals of the experiment, is a philos­
ophy which could lead to cutbacks in the funds allocated for agricultural 
research by legislative groups. The practical number of replicates for 
an experiment is reached when the cost of the experiment in material, 
time, and other resources Is no longer offset by an increase in informa­
tion gained (Steel and Torrie, 1960). Linear programming provides a 
method for quantifying the exact cost of the added information and so 
aids in the decision making. 
The previous discussion concerning the advantages of replication has 
considered replication only in terms of each replicate being a single 
animal such as would be the case In a crossbreeding experiment. This 
is the manner in which replication will be considered in the remainder of 
this dissertation. The advantages of replication, however, may be out­
weighed by disadvantages in a selection experiment where the replicated 
unit is a group of animals being selected using the same selection criter­
ia over several generations. In studies of this type, genetic drift may 
be a major factor and as a result Increasing numbers of animals each 
generation per replicate may have an advantage over Increasing the numbers 
of replications of the same size. While these considerations would be of 
interest to Investigate using linear programming, they will not be includ­
ed in the later discussion and investigations of this dissertation. 
Cochran and Cox (1957) explain the development of Equation 1 which 
can be used to determine the number of replications which are required 
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to meet the specifications placed on the experiment. 
r > 2(^)^(t^ + tg): (1) 
where r = the number of replications per treatment, 
o = the standard error of the trait being measured which is 
usually estimated by s, 
6 = the true difference that it is desired to detect, 
tj^ = the t value associated with Type I error, the significant 
value of t in the test of significance, 
tg = the t value associated with Type II error; tg equals the tabu­
lated t for probability 2(1 - P) where P is the required prob­
ability of detecting 6 if such a difference exists. 
In actual practice the coefficient of variability (CV), the standard 
deviation divided by the mean, may be easier to estimate in advance than 
the standard error, a. In this case the CV value is substituted for a in 
Equation 1 and 6 is used as a percent of the mean. The degrees of freedom 
associated with the t^ and t^ values are those available for the estimate 
of the error variance in the resulting experiment and as a result depend 
upon the value of r. Because of this fact it is often necessary to repeat 
the use of Equation 1 several times. In breeding experiments the large 
number of degrees of freedom for estimating the error generally make one 
use of the equation sufficient. 
As an example of the use of Equation 1 suppose that we wish to con­
duct a crossbreeding program where two pure breeds and the two reciprocal 
crosses between them are compared for weaning weight. To determine the 
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number of replications which need to be produced we must decide on the 
magnitude of differences between breeds we wish to detect and the proba­
bility of detecting a difference of that size. Say that we wish to be 
able to detect ten percent differences between breeds with a probability 
of 90 percent. This means that we wish to have a 90 percent probability 
that the value of the difference detected by the experiment, d, given a 
true difference, 6, will be such that it will be found to be significantly 
different from zero. The test of significance is at the five percent 
level. A coefficient of variation of 15 percent is assumed for weaning 
weight. From a t table, t^ = 2.04 is the value for probability .05 and 
30 degrees of freedom, and t^ = 1.31 is the value for probability 
2(1 - .90), or .20. These values give the result 
r > 2(15.0/10.0)2(2.04 + 1.31)^ = 50.5 
or approximately 50 calves of each breed. If five percent differences 
are required to be detected then the number of replications must exceed 
200. Dickerson (1969a) suggests that a five percent difference between 
breeds should be detectable with an error of + 2.0 percent or less. The 
r value can be adjusted either upward or downward if it is felt that the 
CV used is too small or too large. 
Steel and Torrle (1960) describe the use of Tukey's formula for 
computing experiment size which is shown in Equation 2. This formula 
gives the sample size necessary to give a set of confidence Intervals not 
larger than a specified size for all possible differences between treat­
ment means. 
.2^2 , 
r = 
Siq^(p, n2)F^(n2, n^) 
j2 d 
(2) 
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where = an available estimate of based on n^ degrees of freedom, 
= a value obtained from a table of the upper percentage points 
of the studentlzed range for the desired confidence coefficient 
and the degrees of freedom for the error mean square in the 
experiment being planned, ng, 
= the F^ value with the indicated pair of degrees of freedom, 
Y = the value such that (1 - y) is the probability that the confi­
dence intervals for the differences will be less than 2d, 
d = one half of the length of the desired confidence intervals. 
Since q and F both depend upon the value of r, this formula may also have 
to be applied several times. 
In addition to replication the other fundamental concept of experi­
mental design is randomization. The function of randomization is to 
assure that the experiment has a valid or unbiased estimate of experi­
mental error and of treatment means and of differences among them. 
Randomization makes the statistical tests valid by making it appropriate 
to analyze the data as though the assumption of Independent errors is 
true. Randomness is a means of ensuring that a treatment will not be 
continually favored or handicapped in successive replications by some 
extraneous source of variation, known or unknown. To randomize an experi­
ment every treatment should have an equal chance of being assigned to any 
experimental unit. In a crossbreeding experiment each cow should have 
an equal chance of producing a calf sired by a bull of each breed in the 
experiment. 
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There are several other considerations in the designing of beef 
cattle experiments. After the experimental treatments are selected, the 
researcher must decide under what conditions to compare the treatments. 
These are generally management decisions and the conditions used should 
depend upon the types of management to which inferences are to apply. 
This is another area in which linear programming could have direct appli­
cation in the designing of an experiment to indicate the variations in 
the costs of conducting the experiment using alternative management 
systems. Taylor (1971), however, has cautioned that breed differences 
are undefined unless the feeding system is fully specified and since 
limit feeding may prejudice a breed comparison, ad libitum feeding should 
be practiced so that each breed determines its own feed intake. 
Another important consideration in beef cattle experimentation is 
the source of the experimental units, the animals purchased to initiate 
the experiment. Jansen (1974) has examined the proper sampling of 
breeds for the purpose of breed evaluation so that valid inferences can 
be made. The question which should be considered is how much of the 
genetic differences that exist in breeds of cattle is found within herds 
and how much across herds. The magnitude of the genetic differences 
within and across herds determines the concern which the researcher should 
have about gathering the experimental animals from as many herds as 
possible. The amount of care used in selecting experimental units is 
also influenced by the scope of inferences which are desired to be made 
from the experiment. 
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Although sampling is too complex for a detailed discussion here, it 
does appear to be another area in which linear programming can be useful. 
Snedecor and Cochran (1967) described a procedure called stratified 
sampling in which the population from which selections are to be made is 
divided into sections called strata and the proportion of the total 
number selected from each stratum is dependent upon the variability of 
the units within the stratum and the cost of sampling the stratum. 
In breeding experiments the researcher is often faced with a two 
stage sampling situation in which cows are the primary units and calves 
are the subunlts. A random sample of n^ primary units (i.e. cows) are 
purchased and n^ subunlts (i.e. calves) are produced.by each cow purchased. 
The measurement of any trait on a calf is considered to be the sum of two 
independent terms. One term is associated with the primary unit, the 
cow, and has the same value for all calves from a given cow and varies 
from one cow to another with variance, a^. The second term which serves 
to measure differences between subunlts, the calves of a given cow, 
varies from one calf to another with variance, a^. The variance of a 
purebred or crossbred mean can be determined by Equation 3. 
If a given number of calves (100) are desired of each crossbred and 
purebred type, this formula can be used to predict the increase in the 
variability of a breed or cross mean resulting from increasing the number 
of calves produced per cow from one to four as is shown in Table 1. 
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The values in this table are based on a standard deviation of 50 pounds 
for weaning weight and cr^ equal to 40 percent of the total variance in 
weaning weight. 
Table 1. Variances in breed means resulting from different numbers of 
calves per cow 
Number 
of dams (n^) 
Number of calves 
per dam (n^) 
Variance of a calf 
breed mean 
100 1 3^/100 + S^/100 =25.0 
c a 
50 2 3^/100 + a^/50 = 35.0 
c a 
33 3 a^/lOO + al/33 = 45.3 C u 
25 4 0^/100 + a\/25 =55.0 
c a 
Table 1 shows that by increasing the number of calves per cow from 
one to four, the expected variance of a crossbred or purebred mean more 
than doubles. It is clear that the number of calves produced in each 
mean must be increased if fewer cows are purchased and allowed to produce 
more calves to maintain the same expected variance of the mean. Without 
producing more calves the same differences will not be detected with the 
specified probability. The optimum number of calves per cow to produce 
the desired standard error of the mean is discussed by Snedecor and 
Cochran (1967) and is dependent upon the costs of the experiment. The 
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total cost of the experiment apart from fixed overhead costs can be ap­
proximated by Equation 4. 
C = Cj^nj^ + c^n^n^ (4) 
where C = the total cost of the experiment, 
c^ = the average cost per primary unit of the elements of costs 
that depend only upon the number of primary units and not the 
amount of subsampllng, 
Cg = the average cost per subunlt of those constltutents of cost that 
are directly proportional to the total number of subunlts. 
The c^ costs can be approximated In a breeding experiment by the cost 
of rearing or purchase of a heifer and of caring for her through the 
weaning of her first calf. The c^ costs can be approximated by estimating 
the cost of producing an additional calf from a cow Including the loss In 
sale value of the cow due to an Increase of one year In age. To determine 
the value of n_ which will minimize the cost of achieving a given 
z - -
standard error, the product given by Equation 5 must be minimized. 
(V)(C) = 
^1 ^1^2 
(^1^1 '^2^l"2^ 
By taking the partial derivative of Equation 5 with respect to n^, it is 
found that the minimum value of the expression occurs when 
Hg = (c^S^/cg . (6) 
The value of n^^ is determined by solving either the cost equation. 
Equation 4, or the variance equation. Equation 3, for n^ depending on 
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whether a maximum cost or minimum variance is to be specified. If c^ is 
estimated at $300.00 and c^ at $75.00, Equation 6 can be solved for n^. 
ng = [(300)(1500)/(75)(1000)]^ = 2.45 
This value of n^ indicates that between two and three calves per cow 
would be the most economical method of evaluating pure breeds and crosses. 
The variance of a breed cross produced by calving each of 50 dams twice 
can be used as a standard to determine the variation in the number of 
calves which must be produced to achieve the same degree of precision when 
cows are calved once or three or four times. Equation 3 can be used to 
show that the number of calves produced must equal 72, 129 and 157 if 
cows are calved once, three or four times respectively to produce the 
variance of a mean produced by 100 calves from cows that are calved 
twice. As an example of how these values were calculated the number of 
calves which must be produced if each cow in the herd calved three times 
in order to produce the same expected variance of the mean of 50 cows 
each producing two calves is calculated from the equation: 
1500/3d + 1000/d = 35. 
Â value of d = 42.85 solves this equation for the numbers of dams required 
and 3d - 129 calves is the total number of calves which must be produced. 
This area certainly is of great value in the design of experiments 
but it presents some problems for the application of linear programming 
since the requirements in terms of calves need to be varied dependent 
upon the number of calves produced per dam. These concepts could be in­
corporated into the linear programming model to be presented in this 
dissertation but the complications would outweigh the added Information. 
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In the design of breeding experiments there are a number of other 
factors which will not be discussed In detail but should be understood. 
In any selection experiment or other experiment which continues for 
several generations a control population must be maintained. The purpose 
of the control is to provide standard genetic material for the evaluation 
of level of management and other environmental factors. Without the use 
of a control population the researcher usually cannot properly distinguish 
between genetic improvement and the Improvement resulting from a more 
favorable environment. The maintenance of control herds in the simulation 
of the crossbreeding project to be discussed is to ensure that genetic 
change in the purebred population does not bias the measurement of hetero­
sis retention in the later generations. A number of thorough studies of 
the nature and type of controls to use in breeding experiments have been 
written. These include Gowe et al. (1959), Goodwin et al. (1960), 
Dlckerson (1969b), Hill (1972a, b) and Smith (1976). 
Hill (1972a, b) discussed the general theory and design of control 
populations and reviewed the research which has been conducted to experi­
mentally evaluate them. Smith (1976) examined a number of factors which 
can affect the optimal type of control population such as a fixed total 
expenditure, differing costs for males and females, different plans for 
retaining parents and choosing replacements and the effects of mortality 
and infertility among individuals in the control population. 
Robertson (1957, 1959a, b), Rendel (1959), Weardon (1959), Comstock 
and Winters (1942), Dlckerson (1969a, b) and Smith (1969) all examined 
optimal designs for various types of breeding experiments. In most of 
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the studies the designs are based on the restriction of a fixed number of 
animals which could be tested. Dlckerson (1969a) discussed the optimal 
methods of evaluating pure breeds and various crossbreeding systems. 
Taylor (1976a, b) has described an entirely new and intriguing aspect of 
breed comparisons which shows that the best overall design for determin­
ing the relative magnitude of within and between breed variation is to 
use four animals per breed and as many breeds as possible. In this 
manner Taylor explains that valuable breeding research can be conducted 
with limited resources. This type of research would be a possible alter­
native for experiment stations which have facilities that linear program­
ming simulation or some other determination has shown to be too limited 
to conduct traditional breed comparisons which require large numbers. 
It must be recognized that the innovative breeding program described 
by Taylor can answer only certain types of questions. The questions an­
swered by this type of research are more likely to be of interest to 
researchers than to the industry. No recommendations can be made about 
the superiority of one breed over another. The purpose of multibreed 
experimentation is "to investigate the general performance of cattle 
breeds in some specified population rather than the performance of one or 
two particular breeds" (Taylor, 1976a). 
Henderson (1969) provided a detailed review of the considerations 
required for good experimental design for animal science experiments. 
Dlckerson (1969b) has given a quite compléta summary of many aspects of 
research in quantitative animal genetics. These articles and the refer­
ences cited on breeding design and controls provide a wealth of Information 
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at least some of which could be Incorporated into the model of linear 
programming simulation. Considering the complexity of this problem and 
the fact that this is the first attempt to determine the economic feasi­
bility of resource allocation in designing breeding experiments, the main 
emphasis and detail will be devoted toward determining the number of 
replications required to detect differences of a given magnitude. 
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AN EXPLANATION OF THE PRINCIPLES NEEDED TO USE 
LINEAR PROGRAMMING 
The purpose of this section is not to explain all that is needed to 
develop and solve complex linear programming models. The purpose is to 
explain the procedures, terminology and methods used in obtaining an 
optimal solution to a simple model using LP. The description should 
enable the reader to have an understanding of how the more complex models 
to be described in later sections were developed, optimized and examined. 
There are many sources of information on LP, Beneke and Wlnterboer 
(1973), Libbin et al. (1973) and Heady and Candler (1966). The key 
components of the linear programming model are the activities, the re­
straints, the objective function and the production coefficients. 
The concept of the "activities" is critical. A production activity 
is a way of producing something by a firm. An example of a production 
activity is the production of feeder calves from a set of cows. Market­
ing activities sell the commodities which are produced by the production 
activities. An example of a marketing activity is an activity which 
sells fat steers. 
A third important type of activity is a resource supplying activity. 
An example of such activities is labor hiring. 
The production activities can be subdivided into numerous activities. 
Using fed steer production as an example; replacement heifer rearing, 
calving out and rebreeding of cows, feeding out of the calves and the 
selling of the finished animals can each be treated as a specific activity. 
The number and structure of the activities which should be included in 
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the model are a function of the type of answers which are being sought 
from the model. 
The critical considerations in the development of an activity of any 
type are the units of measurement of the activity, the value of the activ­
ity in the objective function—its net income or cost, and the input and 
output coefficients—the production coefficients. The unit of a steer 
feeding activity could be one or more steers. The specific value of the 
unit is not critical as long as the objective function value and the 
production coefficients correspond in units to that of the activity. 
The restraints of the LP model are Important. The restraints are 
the quantities available of each resource required by the activities in 
the model. An example of a restraint is acres of pasture. The words 
constraints and restrictions can be used synonomously. There are also 
other types of restraints which are often present. These include personal 
restraints or restraints placed by the government. Restraints which may 
often be included in linear programming models of beef cattle breeding 
experiments would be the numbers of animals of each specific type which 
must be produced. 
An important consideration in the development of constraints is to 
ensure that their mathematical type is properly specified. These types 
include the maximum constraint =—less then or equal to, which indicates 
that all the uses of a particular resource by the activities must be 
less than or equal to the amount available; the minimum constraint— 
greater than or equal to, which ensures that an activity is present in the 
optimal solution at a level greater or equal to a minimum level; and an 
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equality restraint which makes certain that all of a particular resource 
such as rented acres of land are utilized. The equality restraint is 
also useful in producing equal numbers of each crossbred type. The objec­
tive function and certain other rows in the model may be nonconstrained. 
Rows such as these serve the purpose of accumulating data. 
When a constraint is specified the factors which must be considered 
are the purpose, the unit of measurement, the mathematical type and the 
"right hand side" value of the constraint. The right hand side value is 
the number of units of the restricting resource available or the lower or 
upper limit on a specific activity. 
The production coefficients which will be referred to as the a^^ 
values are the units of Inputs required to produce one unit of output. 
If the activity unit is a feeder steer fed out to slaughter weight, some 
of the production coefficients which are required are estimates of the 
pounds of silage, ground shell corn, and minerals that the steer will 
consume as well as the hours of labor which will be required for one 
steer. 
The objective function is often called the "C row" and defines the 
goal or objective of the model. In farm planning models, the goal is 
usually the maximization of profit but in least cost ration formulation 
and in the designing of beef cattle experiments, the goal is the minimisa­
tion of the cost of the ration and of the total experiment, respectively. 
The prices used in determining the objective function value which 
will be denoted as the c^ value should either be current prices or future 
prices which are predicted as accurately as possible. Having prices which 
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are accurate relative prices Is important. If all prices are too high or 
too low, the net Income or minimum cost figures will be distorted but 
the optimal set of activities selected will still be useful for planning. 
The LP model for a maximization model is often expressed mathema­
tically In the following manner 
Maximize Z = c^x^ + c_x_ + ••• + c x (7) 
11 z z n n 
Subject to the restraints 
*11=1 + *12*2 + - »! (*) 
*21*1 + =22*2 +•••• + - h 
Wl + V2 + + Vn i hm 
X, > 0 (9) j -
where: 
Z = profit i 
b^ = the amount of the 1*"^ resource available, 
Xj = the number of units of the j*"^ activity, 
a^j = the amount of the 1^^ resource required by each unit of the 
j'^ activity, 
Cj = the objective function value for the j^^ activity. 
The Cj value depends on the type of the j*"^ activity. For example, 
the Cj value for a steer purchasing, feeding and selling activity would 
be determined by subtracting the purchase price of the steer and the 
costs of all the inputs not supplied by the resources of the constraint 
set from the selling price. The Cj values for activities which have only 
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purchasing or marketing functions are the purchase or sale price per 
unit of the activity. 
There are four assumptions which are required to use LP to solve the 
set of equations. Equations 7, 8 and 9, to maximize profit. The same 
assumptions apply for minimization models. These assumptions include 
additivity and linearity, divisability, finiteness, and single value 
expectations of prices and coefficients. 
The assumption of additivity and linearity means that the total 
amount of resources used by a number of activities is the sum of the 
resources used by each activity. No complementarity or interactions such 
as crop rotations or heterosis can be modeled with a linear program if 
they entail interaction between activities. The effects of complementar­
ity, however, can be incorporated into the linear model through the usa 
of additional activities which include the effect of crop rotation or 
heterosis. 
Divisibility indicates that all resources can be used and all prod­
ucts can be produced in fractional amounts. If this assumption cannot 
be tolerated in an LP model, the integer programming procedure is avail­
able. 
Finiteness simply denotes that there is a limit to the numbers of 
activities and restraints in the model. 
Single value expectations means that all of the prices and the input 
and output (a^j) coefficients are known with certainty. This last as­
sumption is, or course, almost never true but there are several methods 
which can be used to at least partially overcome the lack of exact 
31 
knowledge of future prices and of the a^^ coefficients. 
The method by which LP arrives at an optimal (i.e. maximum profit) 
solution for a given model, set of activities and restraints, can probably 
be best understood through the use of an example. The example will 
consist of three activities and three restraints. An optimal solution 
will be computed using a procedure called the "simplex method". 
The firm for which an optimal solution is being sought in this 
example is a small feedlot operation. The resources available to this 
feedlot operation which serve as restraints on the LP model are 1900 
hours of operator labor, a feedlot with a maximum capacity of 450 head 
of cattle at slaughter weights and 2000 tons of corn silage. 
The activities which are being considered are the feeding out to 
slaughter weights and sale of small type steer calves (i.e. straight 
British breeding), large type heifer calves (i.e. European x British 
crosses), and small type yearling steers. Each of these feeding 
activities is defined in units of one head. 
The production coefficients for the small type steer calf feeding 
activity are 4.0 hours of labor, 1.0 units of lot capacity and 3.5 tons 
of corn silage. The large type heifer calf feeding activity requires 4.0 
hours of labor, 1.0 units of lot capacity and 3.7 tons of corn silage. 
The yearling steer feeding activity which is of shorter duration requires 
2.4 hours of labor, .55 units of lot capacity (vrtiich is reduced from 1.0 
proportional to the reduction in the length of the feeding period), and 
1.5 tons of corn silage. 
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The net prices, the c^ values, for these activities are $14.00 for 
the small type steer calf activity, $17.00 for the large heifer calf 
activity and $10.00 for the yearling steer activity. These values are of 
the type which could be calculated by subtracting the purchase price, 
feed costs per head other than corn silage, minerals and veterinary costs 
from the selling price per head. These costs include only the variable 
costs of production. 
In order to solve this model using the simplex method, the restric­
tions in the model which can be summarized as 
< b^ (10) 
must be changed to equalities. This is done by adding slack or disposal 
activities to the model which allow the nonuse of any resource. Thus 
there would be three slack activities for this model which allow labor, 
lot capacity, and corn silage to go unused. The restrictions shown in 
Expression 10 can be rewritten with slack activities as 
where the indicate the use of resources by slack activities. 
This set of equalities can be solved in several ways, all of which 
use the simplex method. The alternative methods include an algebraic 
procedure, a matrix manipulation procedure, and a procedure in which the 
solution is obtained by a mathematical algorithm which uses addition, 
subtration, multiplication and division in a particular sequential way. 
Only this latter method will be used to solve the example. 
Table 2. Section 1 of the simplex procedure 
Basis Real activities Disposal 
Resource 
or activity 
(Resource 
or activity 
level) 
Small 
steer 
calves 
Large 
heifer 
calves 
Small 
yearling 
steers 
(slack) activities 
Lot Corn 
Labor capacity silage 
R 
(ratio) 
Labor 1900 (hours) 4.0 4.0 2.4 10 0 475.0 
Lot capacity 450 (head) 1.0 1.0 .55 0 10 450.0 
Corn silage 2000 (tons) 3.5 3.7 1.5 0 0 1 540.5 
C (net price) 14 17 10 0 0 0 
Z (opportunity cost) 0 0 0 0 0 0 
Z-C (shadow price) -14 -17 -10 0 0 0 
Value of program = $0 
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The first step in the procedure is to arrange the input data in tab­
ular form such as is in Tablei 2. In explanation of the information in 
this table, the "Basis" column indicates the amount of the resource 
available to the program or the level of the real activities which are 
in the basis. In this initial table, however, all of the activities in 
the basis are disposal activities and none of the resources are used. 
The activity columns indicate the amount of each of the resources re­
quired per unit of output—the production coefficients. The numbers in 
the disposal activity columns have the same meaning as those for the 
real activities. Placing one hour of labor into disposal (nonuse) requires 
one hour of labor, zero lot capacity, and zero corn silage which explains 
the one in the labor row and the zeros in the lot capacity and corn 
silage rows. The C (net price) row shows the c^ values for each of the 
activities in the model. The Z row is the opportunity cost for each ac­
tivity. The opportunity cost is the value of other enterprises which 
must be sacrificed or removed from the model to produce an additional 
unit of output of the specified activity. The entries in the Z row 
for Section 1 are all zero because there are no real activities in the 
basis, the "Resource or activity" column, and all resources are going 
unused. The Z-C (shadow price) row indicates the change that would 
occur in the value of the program (the net profit or loss) if an addition­
al unit of any activity, including disposal activities, are added. The 
signs are reversed, however, so that the -17 shadow price for the heifer 
calf feeding activity indicates that the value of the program will be 
increased $17.00 by feeding one heifer calf. The operation of the 
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feedlot as specified in Section 1 satisfies the restrictions on the model 
but the value of the objective function (the value of the program) is 
zero and is not maximized. The next step is to decide how to substitute 
the real activities (the feeding activities) of the plan for the nonuse 
activities to arrive at an optimum solution. The steps used in the ma­
nipulation of the data in Section 1 to arrive at Section 2 found in Table 
3 are as follows. 
The first step is the determination of the activity with the largest 
negative Z-C value. This selects what is likely to be the most profitable 
activity. The column which represents the activity with the largest 
Z-C value is referred to as the "outgoing column" from the Section 1 and 
the "incoming row" of Section 2. In this example the heifer calf feeding 
activity has the largest Z-C value. 
Secondly, the number of units of the heifer feeding activity which 
will enter the basis of Section 2 must be determined. To calculate this 
value, the resource quantities in the "Basis" column are divided by the 
respective coefficients for that row of the heifer calf feeding activity 
(the outgoing column). These divisions result in the quotients found in 
the R (ratio) column of Section 1. The row with the smallest positive 
quotient represents the most limiting resource and determines the optimal 
number of head of heifer calves to feed if Section 2 results in an optimum 
solution. Lot capacity has the smallest R value and thus is the first 
limiting resource. Lot capacity becomes the outgoing row and thus the 
lot capacity row does not appear in Section 2. The number of heifer 
calves fed out in this solution is 450 which is determined by the quotient 
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Of lot space available divided by lot space required per heifer calf. 
The third step is to calculate the coefficients for the incoming row 
and the other rows in Section 2 which can be thought of as the second 
iteration. The incoming row is determined by dividing each of the co­
efficients of the outgoing row (lot capacity) by the coefficient at the 
intersection of the outgoing column (feeding heifer calves) and the out­
going row. This value is 1.0 in this example. The other new rows of 
Section 2 with the exception of C and Z, those for labor, com silage 
and the Z-C row, are determined by arranging the data in four columns 
labeled 0, I, P, and N where 
0 = the coefficients in the corresponding row of the old section, 
1 = the coefficients of the incoming row in the new section, 
P = the coefficient at the intersection of the outgoing column and 
the row in the old section under consideration, 
and N = the coefficients for the "new row" of the new section as 
calculated from the formula: 0 - (I x P) = N. 
Using this method the new labor and corn silage rows are calculated 
below. 
Labor row. Section 2 
0 I P N 
1900 450 4.0 100 
4.0 1.0 4.0 0 
4.0 1.0 4.0 0 
2.4 .55 4.0 .2 
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Corn silage row. Section 2 
0 I P N 
2000 450 3.7 335 
3.5 1.0 3.7 -2 
3.7 1.0 3.7 0 
1.5 .55 3.7 -.535 
0 0 3.7 0 
0 1 3.7 -3.7 
1 0 3.7 1 
The new Z-C row is calculated in the same manner. 
New Z-C row. Section 2 
0 I P N 
0 450 -17 7650 
-14 1.0 -17 3 
-17 1.0 -17 0 
-10 .55 -17 -.65 
0 1 -17 17 
0 0 -17 0 
It should be noticed that in the solution for Section 2 that the 
"Basis" column value for the Z-C row is the value of the program—the 
amount of net income which is $7650. This value is not optimal, however, 
as there still is a negative Z-C value for small yearling steers. A 
negative Z-C value indicates that unexploited profit opportunity remains 
in the model and thus another iteration must be calculated. The itera­
tions are continued until no more negative Z-C values are found. 
The second iteration proceeds exactly as the first did resulting in 
Section 3 found in Table 4. The only negative Z-C value in Section 2 
is for the activity which feeds out small yearling steers. This activity 
is the outgoing column and the incoming row for the third section. The 
ratio values are calculated and the labor row has the smallest positive 
value so this restriction is the next most limiting. The solution found 
Table 3. Section 2 
Basis Real activities Disposal 
(Resource Small Large Small (slack) activities 
Resource or activity steer heifer yearling Lot Corn R 
or activity- level) calves calves steers Labor capacity silage (ratio) 
Labor 100 0 0 .2 1 -4 0 500 
Heifer calves 450 1.0 1.0 .55 0 1 0 818.18 
Corn silage 335 —. 2 0 -.535 0 -3.7 1 -626.16 
C (net price) 14 17 10 0 0 0 
Z 17 17 9.35 0 17 0 
Z-C $7650 3 0 -.65 0 17 0 
39 
in Section 3 contains no negative Z-C values which indicates that the 
basic value in the Z-C row is the maximum or optimal value of the program. 
The other coefficients in the basis column indicate that the optimum 
solution feeds 500 yearling steers and 175 heifer calves. All of the 
labor and lot capacity is utilized but 602.5 tons of com silage are not 
used. 
Other information can be obtained from the interpretation of the 
final solution. The solution shows that not only were no small steer 
calves fed out to slaughter but it would reduce net income $3.00 to feed 
one calf. This information is obtained from the Z-C value for steer 
calves. This value is often called the "income penalty" for forcing 
one steer calf to be fed. The values in the Z-C row for the disposal 
activities for labor and lot capacity indicate the "shadow prices" or 
marginal value products of these two resources. These values indicate 
that if one less hour of labor or one head less of lot capacity were 
available, the value of the program would be reduced by $3.25 and $30.00, 
respectively. The value in this row for corn silage is zero as it Is not 
limiting since over 600 tons went unused. More information could be 
obtained from this model but the economic interpretation of the output 
of the MPSX program is of much more value. 
Table 4. Section 3 
Basis Real activities Disposal 
(Resource Small Large Small (slack) activities 
Resource or activity steer heifer yearling Lot Corn 
or activity level) calves calves steers Labor capacity silage 
Small yearling steers 500 0 0 1 5 -20 0 
Heifer calves 175 1.0 1.0 0 -2.75 19 0 
Corn silage 602.5 -.2 0 0 2.675 -14.4 1 
C 14 17 10 0 0 0 
Z 17 17 10 3.25 4.00 0 
Z-C $7975 3 0 0 $3.25 $30.00 0 
41 
INCORPORATION OF EXPERIMENTAL DESIGN INTO 
SIMULATED LP EXPERIMENTS 
The purpose of this section Is to demonstrate the development and 
Interpretation of an LP simulation of a simple beef cattle crossbreeding 
experiment. The methods of placing restraints on the LP model to achieve 
the goals of the experiment are discussed as well as the optimal manner 
of producing the number of calves to meet the requirements set by design 
considerations. The explanation of this simple LP model is included so 
that the development and discussion of the results of the similar but 
much larger and more complex model which follows can be presented with­
out a detailed discussion. 
This simplified crossbreeding experiment has as its goal the deter­
mination of the heterosis obtained for weaning weight in the cross of 
the Red Poll and Milking Shorthorn breeds. The considerations needed to 
determine the number of calves required of each breed type, purebred and 
crossbred, to adequately assess this difference between the two types 
were discussed in the experimental design section. The activities, re­
straints and production coefficients of the LP model of this experiment 
are based on the data In the following paragraphs. 
Fifty calves of each breed type must be produced in one or two 
years. The heifers of each breed are purchased in the spring as year­
lings and are bred to calve the following spring. The cows may be sold 
after calving which would produce all of the calves in one year. The 
calves are sold at weaning. The cows are expected to wean 85 and 88 per­
cent calf crops as two and three year olds, respectively. The purebred 
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calves (sexes combined) from two and three year old cows are expected to 
wean at an average weight of 430 and 480 pounds, respectively. A five 
percent heterotic advantage is assumed for the weaning weight of the 
crossbred calves. The labor requirements are six hours per heifer per 
year and 10 hours per cow per year. Cows need 2.0 acres of pasture and 
heifers require 1.3 acres. 
The prices which were used to calculate the C row or net profit 
values are as follows. The Milking Shorthorn (MS) and Red Poll heifers 
were expected to cost $200 and $205, respectively. The cows sell at 
$.30 per pound at either two or three years of age after weaning their 
calves. Weaned calves sold for $.35 per pound. The labor was hired at 
$5.00 per hour. The other C row costs sum to $100.00 for heifers and 
$130.00 for cows. 
The resources which are available for this experiment are 400 acres 
of bluegrass pasture each year and capital of $50,000 for the first year 
and $25,000 for each of the two remaining years. 
The data for this experiment including activities, restraints, and 
letters representing the magnitude of the coefficients are shown in 
matrix form in Table 5. The matrix is of the type produced by the pro­
cedure PICTURE of the MPSX package. This matrix is of the form developed 
by the MPSX package from the input data to optimize this model. The MPSX 
package is used to solve this example as the simplex method would be 
extremely tedious to use even on a model of this size. 
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Table 5. The LP matrix 
Activities 
L L L 
S S S S S S A A A  
P P R M R M E  E E E E E B B B  
U U P S P S L L L L L L H H H  
RR223 3RMRMC CIII Right 
RMYYYYP SPSFFRRR hand 
Restraints PSRRRR223312123 sides 
c N D D D D D D -D -D -D -D -B -B A A A B 
LABORl G -B -B 1 
LAB0R2 G -B -B 1 
LAB0R3 G -B -B 1 
CAPl L D D A E 
CAP2 L D D -D -D -B A E 
CAP3 L D D -D -D -B A E 
PASTl L B B C 
PAST2 L B B C 
PAST3 L B B C 
TRP2YR G A -A 
TRP3YR G A -A -A 
TMS2YR G A -A 
TMS3YR G A -A -A 
TRPSEL G A -A 
TMSSEL G A -A 
TGFWTl G D D -B 
TCFWT2 G D D -B 
MLNRR G A A B 
MINMM G A A B 
MINRM G A A B 
MINMR G A A B 
In Table 5 the activities which are labeled PURRP to LÂBHIR3 have 
the following functions: 
Activity Name Activity Function 
PURRP PURRP purchases 10 yearling Red Poll heifers, breeds 
them while on pasture and cares for them through the 
winter until calving. 
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Activity Name 
PUKMS 
RP2YR 
MS2YR 
RP3YR 
MS3YR 
SELRP2 
SELMS2 
SELRP3 
SELMS3 
SELCFl 
SELCF2 
LABHIRl 
LABHIR2 
LABHIR3 
B 
Activity Function 
PUKMS has the same function as PURRP except that it 
purchases Milking Shorthorn heifers. 
RP2YR calves out the two year old Red Poll heifers pro­
duced by PURRP, rebreeds them and carries them through 
the winter. 
MS2YR has the function of RP2YR for Milking Shorthorn 
heifers. 
RP3YR has the same function as RP2YR except that three 
year old Red Poll cows are calved out. 
MS3YR has the same function as MS2YR except that three 
year old Milking Shorthorn cows are calved out. 
SELRP2 sells Red Poll cows at the conclusion of RP2YR 
after their first calves are weaned. 
SELMS2 sells Milking Shorthorn cows after they have 
weaned their first calves. 
SELRP3 sells 10 Red Poll cows after they have weaned 
their second calves. 
SELMS3 sells 10 Milking Shorthorn cows after they have 
weaned their second calves. 
SELCFl sells 100 pounds of the weight of the weaned 
calves from the first calf crop. 
SELCF2 sells 100 pounds of the weight of the weanëd 
calves from the second calf crop. 
LABHIRl hires one hour of labor during the first year 
of the model. 
LABHIR2 hires one hour of labor during the second 
year of the model. 
LABHIR3 hires on hour of labor during the third year 
of the model. 
The B column is not an activity but instead contains 
the quantities of each resource available at the intia-
tion of the experiment. These values are also referred 
to as the right hand side (RHS) values since they are 
the b^ values in the restriction equations: Za^^x^b^ 
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The rows in Table 5 indicate the restraints or transfer rows of the 
model. A transfer row is a row which transfers some item required by the 
program from one activity to another. All of the rows beginning with the 
letter T in this model are transfer rows. The rows and their mathemati­
cal types function in the following manner: 
Row Name Row Function 
LÂB0R1 
LAB0R2 
LABORS 
CAPl 
CAP2 
CAP3 
PASTl 
PAST2 
PASTS 
TRP2YR 
These rows provide restrictions on the model to ensure 
that the labor required by the activities of the model 
are supplied. These restrictions each have the mathe­
matical type G, greater than or equal to. The equa­
tions are of the type: 
f " 
where xg is the number of hours of labor hired during 
the year and Za. x is the total quantity of labor 
used. 3 3 
Thus the labor supplying activities (xg) have positive 
coefficients and the labor requiring activities have 
negative coefficients in these three rows. 
The CAP rows are capital or budget restrictions during 
years one to three. Their mathematical type, L, en­
sures that the use of capital by the activities during 
each year must be less than or equal to thé quantity 
of capital available during that year. The coefficients 
for capital use are positive. The activities during 
years two and three which sell cattle have negative 
coefficients in these rows. The equations are of the 
type + a^jXj £ 25000, where the x^ activities 
supply capital, the Xj activities require capital and 
25,000 is the quantity of budget available, the RHS 
value. 
The PAST rows are the restrictions on the total quantity 
of bluegrass pasture available. The mathematical type 
is L as the sum of the acres of pasture used by the cow 
activities cannot exceed the total amount available 
each year, the right hand side value. 
TRP2YR is a transfer row which transfers Red Poll two 
year old heifers from the PURRP activity to the RP2YR 
activity. The mathematical type of this row is G which 
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Row Name Row Function 
TRP2YR ensures that at least as many head are transferred into 
the row by PURRP as are removed by RP2YR since the RHS 
value of this and all transfer rows is zero. The ac­
tivities supplying the transfer row in a minimization 
model have positive coefficients and those activities 
withdrawing from a transfer row have negative coef­
ficients. This row could also be specified as an 
equality but this is not generally necessary unless 
animals are transferred into the row which are not 
transferred out. Equalities are more costly to solve 
in a model than G or L restrictions. 
TRP3YR TRP3YR transfers Red Poll Cows from activity RP2YR to 
RP3YR or to SELRP2. 
TMS2YR TMS2YR transfers Milking Shorthorn heifers from PURMS 
to activity MS2YR. 
TMS3YR TMS3YR transfers Milking Shorthorn cows from MS2YR to 
MS3YR or to SELMS2. 
TRPSEL TRPSEL transfers three year old Red Poll cows to the 
selling activity, SELRP3 from the activity RP3YR. 
TMSSEL TMSSEL transfers three year old Milking Shorthorn cows 
from MS3YR to the selling activity, SELMS. 
TriTTr.m 
TCFWT2 
TCFÎ'JTl transfers pounds of Hsaned calves from the first 
calf crop to the selling activity, SELCFl. 
TCFWT2 transfers pounds of weaned calves from the second 
calf crop to the calf selling activity, SELCF2. 
MINRR 
MINMM 
MINRM 
MINMR 
The restrictions beginning with MIN which have a mathe­
matical type of 6 ensure that at least 50 head of each 
of the breed types are produced. The cow activities 
have positive coefficients in these rows equal to the 
numbers of each of these types of calves produced by 
the activity. The equations are of the type: 
ÏVi - • 
The RHS values are based on the degree of sensitivity 
desired for the comparisons. This is one of the ways 
in which design considerations can be incorporated into 
the LP model. 
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Another method of ensuring that the optimal solution of the LP 
model meets some minimum specifications based on experimental design 
considerations Is to use the BOUNDS procedure. This procedure can be 
used to ensure that a particular activity is in the optimal solution at 
a level greater than or equal to some value by setting a lower bound on 
the activity. Bounds can also be used to set upper and equality limits 
on activities. The BOUNDS procedure can be used in this example to make 
certain that at least 100 head of each breed are purchased to initiate 
this experiment. The purpose of this bound is to become more confident 
that the available germ plasm of these two breeds is adequately sampled. 
The method of inputing the data into the MFSX package will not be 
discussed since this is easily available in LP manuals. A brief dis­
cussion of the types of problems in the LP matrix which make the model 
unsolvable and can be detected by the MPSX package, however, is useful. 
Common problems arising from incorrectly specified models are unbounded 
and Infeaslble solutions. 
An unbounded solution results when an activity can sell without 
constraint a commodity that the model is not required to produce. This 
can occur through improper mathematical types for transfer rows. When 
the MPSX package detects such situations, execution is stopped. 
Infeaslble solutions are the result of placing restrictions upon 
the LP model which cannot be met. There would be no feasible solution 
to the example experiment if bounds were placed on the model which re­
quired the purchase of 150 heifers of each breed since as two year old 
cows they would require 600 acres of pasture and only 400 are available. 
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If an Infeasibility is found in the model, the solution which is printed 
out can have indicated on it particular restraint in the model which 
caused the infeasibility. 
The optimal solution produced by MPSX must be understood to utilize 
the linear programming procedure to design experiments. The optimal 
solution which is described first is divided into two sections, one 
of which contains information about the rows or restrictions of the model 
and the other about the columns or activities. The RANGE analysis which 
can follow the printout of the optimal solutions provides information 
about the sensitivity of the solutions to price changes as well as some 
6ther types of coefficient changes. 
The first section of the optimal solution is headed, SECTION 1 -
ROWS is reproduced in Table 6. The ROWS section of the solution pro­
vides information about the status of the restrictions in the optimum 
solution. The first column of the ROWS section is labeled NUMBER and 
indicates the internal machine identification of the vectors of the model. 
The rows are numbered consecutively beginning with one and the numbers 
used for the columns continue on from those used for the rows. The 
column headed by ROW contains the names of the rows in the matrix. The 
third column labeled AT gives the status of each of the rows in the 
solution. The following types of rows are possible: 
BS — in the basis and feasible, 
FR — in the basis and free (probably an N restraint), 
** — in the basis but infeasible, 
UL — nonbasis and the restriction is at its upper limit, 
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EQ — nonbasis and the restriction is fixed (equality), 
LL — nonbasis and the restriction is at its lower limit. 
Restrictions which are in the basis are for resources which are not 
limiting in the model. 
The fourth column is headed ACTIVITY and indicates the amount of 
the resource utilized or the requirement fulfilled if the row is a con­
straint row with coefficients of only one sign in the row. These types 
of rows are MINER, MINMM, MINBN, MINMR and the pasture acreage restric­
tions. The ACTIVITY value of 154.9 for PASTl indicates that this quanti­
ty of pasture in acres is utilized during the first year. The value in 
ACTIVITY for a row with both positive.and negative coefficients repre­
sents the net use of an activity. Thus for CAF2 the value in the 
ACTIVITY column of 5734.64 indicates that the net cash flow of expenses 
minus income for capital period two was 5734.64 dollars. The transfer 
rows and labor restrictions which are of mathematical type G each have a 
RHS value of zero and thus the positive supplying coefficients are can­
celled by the negative requirement coefficients and result in an activ­
ity value of zero. The value of the objective function is the value in 
the ACTIVITY column for the C row. This value indicates that the minimum 
cost method of running this experiment Is expected to be $13,356.47. 
The fifth column headed SLACK ACTIVITY indicates the quantity of a 
resource which is unused or the difference between the RHS value and 
the ACTIVITY value. The SLACK ACTIVITY value for CAP3 is 57,005.09 
since the RHS value is 25,000 and 32,005.09 more is received in sales 
during this period than is spent. 
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Table 6. The rows section of the optimal solution 
SECTION 
NUMBER 
1 - ROWS 
ROW AT ACTIVITY 
SLACK 
ACTIVITY 
LOWER 
LIMIT 
UPPER 
LIMIT 
DUAL 
ACTIVITY 
1 C BS 13356.4 13356.4- None None 1.0 
2 LABORl LL • • • None 5.0-
3 LAB0R2 LL • • • None 5.0-
4 LABORS LL • • • None 5.0-
5 CAPl BS 39626.9 10373.0 None 50000.0 
6 CAP2 BS 5734.6 19265.3 None 25000.0 
7 CAP3 BS 32005.0- 57005.0 None 25000.0 
8 PASTl BS 154.9 245.0 None 400.0 
9 PAST2 BS 233.5 166.4 None 400.0 
10 PAST3 BS 228.9 171.0 None 400.0 
11 TRP2YR LL None 341.8-
12 TRP3YR LL None 339.6-
13 TMS2YR LL None 336.7-
14 TWS3YR LL None 337.0-
15 TRPSEL LL None 315.0-
16 TMSSEL LL None 315.0-
17 TCFWTl LL None 0.3-
18 TCFWT2 LL None 0.3-
19 MINRR LL 50.0 50.0 None 136.5-
20 MINMM BS 50.0 50.0 None • 
21 MTNRM LL 50.0 50.0 None 130.5-
22 MINMR BS 50.0 50.0 None • 
The sixth and seventh columns are labeled LOWER LIMIT and UPPER 
LIMIT respectively and indicate the limits on the level of each of rows 
in the solution. The restrictions for numbers of calves produced each 
have lower limits of 50 and no upper limits. The pasture and capital 
restrictions have no lower limits and have upper limits equal to their 
RHS values. 
DUAL ACTIVITY heads the last column and shows the marginal 
value product or shadow price associated with the last unit of a 
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restriction or a resource. The capital and pasture restrictions are In 
the basis and have zero values for shadow prices as more pasture and 
capital was available than could profitably be used. The shadow prices 
on transfer rows are usually difficult to Interpret and will be Ignored. 
The shadow price on the minimum number of calves which must be produced 
Indicates that If the requirement for numbers of purebred Red Poll calves 
Is dropped from 50 to 49 that the cost of conducting the experiment 
would be reduced $136.54. 
The next section of the optimal solution Is found In Table 7 and 
Is labeled SECTION 2 - COLUMNS. This section contains a description of 
the status of the columns or activities in the optimal solution. The 
first three columns, NUMBER, COLUMN, and AT, have similar meanings to 
those in the rows section. The fourth column, ACTIVITY, contains the 
level of the activity in the optimal solution. In this model, this 
column indicates that approximately 6.0 units of Red Poll and Milking 
Shorthorn heifers should be purchased or a total of approximately 120 
heifers. No cows are sold after their first calving by activities SELRP2 
or SELMS2. During the first, second and third years of the experiment, 
715, 1168 and 1145 hours of labor respectively are required to be hired. 
The fifth column headed INPUT COST gives the value of each activity 
In the objective function. The activities with negative coefficients 
are those which supply revenue In a minimization model. The bounds on 
an activity are indicated In the columns LOWER LIMIT and UPPER LIMIT if 
bounds are used. The limits Indicate the lowest and highest feasible 
values that each activity can take. 
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Table 7. The columns section of the optimal solution 
SECTION 
NUMBER 
2 - COLUMNS 
COLUMN AT ACTIVITY 
INPUT 
COST 
LOWER 
LIMIT 
UPPER 
LIMIT 
REDUCED 
COST 
23 PURRP BS 5.9 3050.0 None 
24 PURMS BS 5.9 3000.0 None 
25 RP2YR BS 5.8 1300.0 None 
26 MS2YR BS 5.8 1300.0 None 
27 RP3YR BS 5.7 1300.0 None 
28 MS3YR BS 5.7 1300.0 None 
29 SELRP2 LL • 2925.0- None 471.9 
30 SELMS2 LL • 2925.0- None 445.7 
31 SELRP3 BS 5.6 3150.0- None 
32 SELMS3 BS 5.6 3150.0- None 
33 SELCFl BS 436.8 35.0- None 
34 SELCF2 BS 493.5 35.0- None 
35 LABHIRl BS 715.0 5.0 None 
36 LABHIR2 BS 1167.9 5.0 None 
37 LABHIR3 BS 1144.5 5.0 None 
The last column headed REDUCED COST indicates the change in the 
value of the objective function which would occur if an activity not in 
the optimal solution was to be forced into the solution. This value can 
also denote the amount of change in the value in the objective function 
required to bring the activity into the optimal solution. In this 
example Red Poll cows would be sold after weaning their first calves if 
their selling price were Increased 47 dollars per cow. This value cor­
responds to the Z-C value which is calculated for activities not in the 
basis using the simplex method. 
If bounds on heifer purchasing of at least 100 head per breed are 
included in the model using a procedure called REVISE, another optimal 
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solution based on this additional restriction will be given. The entire 
solution is not shown for the revised model but the significant changes 
from the previous optimal solution are noted. The minimum cost method of 
running the experiment is now $22,079. Additional capital is required 
during the first year and shadow price on the minimum number of Red 
Poll calves is reduced substantially to $29.27 even though exactly the 
same number of calves are produced. 
In the columns section, shadow prices appear on the bounded heifer 
purchasing activities, PURRP and PURMS of $1235 and $1180, respectively. 
These values indicate that the total cost of conducting the experiment 
could be reduced by the stated quantity if either of these bounds -were 
lowered by one unit (10 head). The activities which sell cows after their 
first calving, SELIIP2 and SEliMS2, both enter the optimal solution at the 
level of approximately 7.7. This indicates that approximately 77 cows 
of each breed are sold after their first calving leaving only about 19 
to calve for a second time. 
The optimal solutions indicate that the best method of conducting 
this experiment to achieve the goals of the experiment is to purchase 
77 head to initiate the experiment and calve them all twice or to pur­
chase 100 head and then to sell most of them after their first calving. 
While this second alternative is the least cost design for conducting 
the experiment with assurance that the germ plasm of the breeds is 
adequately sampled. It is not overly realistic to sell such a large 
number of cows after only one calving. Therefore, the LP solution does 
not solve all of the problems of the experimenter. In a more complex 
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experiment the options (alternative activities) available in the LP 
model to achieve the goals of the experiment will be more numerous. 
Complex models can also be revised depending on the initial optimal 
solution by adding or changing restrictions and by adding or deleting 
activities to develop a realistic design for the total experiment that 
minimizes the expenditure for variable cost resources and still meets 
the restrictions placed on the experiment to achieve the degree of sta­
tistical accuracy desired. 
The output of the RANGE analysis can be used to evaluate the sensi­
tivity of the optimal solution to price and other coefficient charges. 
It can show the value of addition resources and the stability of the 
optimal solution. In terms of experimental design, the RANGE analysis 
can determine how concerned one must be about the optimal solution being 
highly dependent upon a coefficient or price which cannot be predicted 
with a great deal of accuracy. In addition the RANGE analysis can 
predict the decrease in costs which could result from lowering the 
accuracy required for the experiment or the increase in costs resulting 
from a requirement for greater accuracy. The RANGE analysis is divided 
into four sections. 
The first section is labeled ROWS AT LIMIT LEVEL. This section for 
the example model is shown in Table 8. The first six columns contain 
information similar to that found in the rows section of the optimal 
solution found in Table 6. The seventh column has two headings, LOWER 
ACTIVITY and UPPER ACTIVITY, The range between the upper and lower of 
these two values indicates the range in the level of the activity over 
Table 8. RANGE analysis: Section 1 
SECTION 1—ROWS AT LIMIT LEVEL 
SLACK LOWER LIMIT LOWER ACT. UNIT COST UPPER COST LIMITING 
NUMBER AT ACTIVITY ACTIVITY UPPER LIMIT UPPER ACT. UNIT COST LOWER COST PROCESS AT 
2 LABORl LL 715.0- 5.0- LABHIRl LL 
None 2074.6 5.0 CAPl UL 
3 LA£0R2 M. 1167.9- 5.0- LABHIR2 LL 
None 3853.0 5.0 CAP2 UL 
4 L/.iB0R3 LL 1144.5- 5.0— LABHIR3 LL 
None 11401.0 5.0 CAP3 UL 
11 TEP2YR LL 58.3- 341.8- PURRP LL 
None 30.3 341.8 CAPl UL 
12 TÏ1P3YR LL 113.6- 339.6- PURRP LL 
None 59.0 339.6 CAPl UL 
13 TMS2YR LL 58.3- 336.7- PURMS LL 
None 30.8 336.7 CAPl UL 
14 T&IS3YR LL 113.6- 337.0- PURMS LL 
None 59.9 337.0 CAPl UL 
15 TitPSEL LL • INFINITY- 315.0- None 
None 56.0 315.0 SELRP3 LL 
16 TUSSEL LL INFINITY- 315.0- None 
None 56.0 315.0 SELMS3 LL 
17 TCFWTl LL INFINITY- 0.3— None 
None 43681.3 0.3 SELCFl LL 
18 TCFWT2 LL INFINITY- 0.3- None 
None 49354.8 0.3 SELCF2 LL 
19 mNRR LL 49.9 49.9 49.9 136.5- MINMR LL 
None 75.9 136.5 CAPl UL 
21 MÏNRM LL 49.9 49.9 49.9 130.5- MINMM LL 
None 76.3 130.5 CAPl UL 
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which the shadow prices found in the column labeled UNIT COST are 
relevant. The values in the UNIT COST column Indicate how much the 
value of the objective function would be decreased per unit of the 
restriction by moving to the LOWER ACTIVITY level or increased by moving 
to the level indicated by the UPPER ACTIVITY level. The values for 
the restrictions MINRR and MINRM are of particular interest since they 
indicate that the numbers of calves from Red Poll dams could be increased 
from 50 to 76 at a constant cost of $136.54 and those from Milking 
Shorthorn dams could also be increased to 76 at a constant cost of 
$130.58 per additional head produced. The minimum restrictions on pure­
bred Milking Shorthorns, MINMM, and the reciprocal cross, MINMR are also 
at their lower limits and have identical shadow prices even though they 
appear in section three. Table 10. This analysis allows an economic 
value to be placed on the cost of attaining the greater degree of statis­
tical reliability achieved through production of 25 additional calves. 
The 10th column, LIMITING PROCESS, identifies the row or column 
that would leave the basis if the limits of change shown under LOWER 
ACTIVITY and UPPER ACTIVITY are exceeded. The status of the row or 
column when it leaves the basis if the limits were to be exceeded is 
shown in the 11th column labeled AT. If more than 76 head of any breed 
type of calves were to be produced the capital restraint during the 
first period would be exceeded. Another interpretation of this informa­
tion is that there are sufficient resources to produce up to 76 calves 
of any one of the types of calves and 50 of the others. 
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Section 2 of the RANGE analysis Is shown In Table 9 and Is entitled 
COLUMNS AT LIMIT LEVEL. These columns are activities which are at zero 
level, bounds levels, or did not enter the optimal solution. The columns 
of output In the table are similar to those of the columns section of the 
optimal solution until the LOWER ACTIVITY/ UPPER ACTIVITY column. This 
column Indicates the quantity of the activity which could be forced 
Into the solution at a constant cost or Income penalty which Is shown 
In the following column, UNIT COST. In this example the only columns 
ât their limit level are the activities which sell cows after their 
first calving, SELRP2 and SELMS2. Either of these activities could be 
forced to enter the basis at a level up to 5.9 units or 59 cows at a 
constant Increased cost of $471.99 per unit for Red Poll cows and 445.78 
for Milking Shorthorns. This quantity, 5.9 units, of either of the 
activities would come Into solution if the sale price, the Cj value, 
were increased $471.99 or $445.78 for SELRP2 and SELMS2 respectively. 
The price which would result in the activities entering the basis is 
the value shown as the LOWER COST. The LIMITING PROCESS and AT columns 
have the same Interpretation as those of the first section. Using SELBF2 
as an example, CAPl would hit its upper limit if the selling price of 
$339.70 was received per cow for the two year Red Poll cows after their 
first calving resulting in the sale of 59 head. 
Table 10 contains the ROWS AT INTERMEDIATE LEVEL, the third section 
of the RANGE output» This section has the same type of interpretation as 
section one for restraints which are not at their limits. The acres of 
pasture used can be reduced from the quantity used, 228.9 acres, to 169.40 
Table 9 . RANGE analysis ; Section 2 
SECTION 2—COLUMNS AT LIMIT LEVEL 
LOWER LIMIT LOWER ACT. UNIT COST UPPER COST LIMITING AT 
NUMBER COLUMN AT ACT. INPUT COST UPPER LIMIT UPPER ACT. UNIT COST LOWER COST PROCESS AT 
29 SELRP2 LL • 2925.0- • 7.2- 471.9- INFINITY CAP2 UL 
None 5.9 471.9 3396.9- CAPl UL 
30 SELMS2 LL • 2925.0- • 7.2- 445.7- INFINITY CAP2 UL 
None 5.9 445.7 3370.7- CAPl UL 
Table 10. RANGE) analysis : Section 3 
SECTION 3—ROWS AT INTERMEDIATE LEVEL 
SLACK LOWER LIMIT LOWER ACT. UNIT COST UPPER COST LIMITING AT 
NUMBER AT ACTIVITY ACTIVITY UPPER LIMIT UPPER ACT. UNIT COST LOWER COST PROCESS AT 
5 QlPl BS 39626.9 10373.0 None 39626.9 INFINITY None 
49999.9 59578.2 0.2 SELMS2 LL 
6 CiVP2 BS 5734.6 19265.3 None 10286.3- 0.1 SELMS2 LL 
24999.9 21023.1 1.0 TCFWTl LL 
7 Ci\P3 BS 32005.0- 57005.0 None 40446.4- 0.4 MINRM LL 
24999.9 23685.0- 0.3 SELMS2 LL 
8 PASTl BS 154.9 245.0 None 154.9 INFINITY None 
399.9 195.7 65.3 SELMS2 LL 
9 PAST2 BS 233.5 166.4 None 233.5 INFINITY None 
399.9 295.2 43.3 SELMS2 LL 
10 PASTS BS 228.9 171.0 None 169.4 44.9 SELMS2 LL 
399.9 289.2 57.0 MINRM LL 
20 MINMM BS 49.9 • 49.9 49.9 INFINITY None 
None 76.3 130.5 MINRM LL 
22 MINMR BS 49.9 • 49.9 49.9 INFINITY None 
None 75.9 136.5 MINRR LL 
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acres or increased to 289.3 acres without changing the activities which 
are in the solution. The value of the objective function will increase 
$44.90 for every acre less than 228.9 which is used and $57.04 for every 
acre used more than 228.9. 
The fourth section, COLUMNS AT INTERMEDIATE LEVEL, is reproduced in 
Table 11. This section contains the activities which are in the optimal 
solution and the values can be interpreted in the the same manner as the 
activities in section two, (Table 9). The UPPER ACTIVITY and LOWER AC­
TIVITY values show how many units the activity level can be increased or 
decreased at a constant cost indicated by the UNIT COST. The UPPER 
COST/LOWER COST column indicates the range in c^ values which could 
occur in either direction and not change the level of activity in the 
solution. The purchase price of the Red Poll and Milking Shorthorn 
heifers could be reduced by $90.00 and $85.00 respectively per cow 
without any additional heifers being purchased. If the purchase prices 
were reduced more than $90.00, then an additional 30 head of either breed 
could be purchased and then cows of that breed would be sold after their 
first calving. 
The RANGE analysis can be a very valuable tool to use to consider 
the optimal design of a proposed experiment which has been simulated 
using linear programming techniques. The output of the RANGE analysis 
will be examined more closely in the discussion of the results of the 
more complex crossbreeding experiment which follows. The output can 
be tedious to interpret but it is probably of value to include it even 
when only a critical portion of it can be examined. The RANGE analysis 
Table 11. RANGE analysis: Section 4 
SECTION 4—COLUMNS AT INTERMEDIATE LEVEL 
UMBER COLUMN AT ACT. INPUT COST 
LOWER LIMIT 
UPPER LIMIT 
LOWER ACT. 
UPPER ACT. 
UNIT COST 
UNIT COST 
UPPER COST 
LOWER COST 
LIMITING 
PROCESS 
A: 
A'i 
23 PURRP BS 5.9 3050.0 5.9 INFINITY INFINITY None 
None 9.0 900.0 2149.9 SELRF2 LL 
24 PURMS BS 5.9 3000.0 • 5.9 INFINITY INFINITY None 
None 9.1 850.0 2149.9 SELMS2 LL 
25 R]P2YR BS 5.8 1299.9 • 5.8 INFINITY INFINITY None 
None 8.8 918.4 381.5 SELRP2 LL 
26 M.'S2YR BS 5.8 1299.9 • 5.8 INFINITY INFINITY None 
None 8.9 867.4 432.5 SELMS2 LL 
27 R:P3YR BS 5.7 1299.9 • 2.7 950.8 2250.8 SELRF2 LL 
None 8.6 1192.9 107.0 MINRR LL 
28 MS3YR BS 5.7 1299.9 • 2.7 898.0 2198.0 SELMS2 LL 
None 8.7 1140.8 159.1 MINRM LL 
31 SELRP3 BS 5.6 3150.0- • 2.7 970.2 2179.7- SELRP2 LL 
None 8.5 1217.2 4367.2- MINRR LL 
32 SELMS3 BS 5.6 3150.0- • 2.6 916.3 2233.6- SELMS2 LL 
None 8.5 1164.1 4314.1- MINRM LL 
33 SELCFl BS 436.8 35.0- • 113.6- 35.0 • TCFWTl LL 
None 552.0 23.1 58.1- SELMS2 LL 
34 SELCF2 BS 493.5 35.0- • 365.2 20.8 14.1- SELMS2 LL 
None 623.7 26.4 61.4- MINRM LL 
35 LABHIRl BS 715.0 5.0 • 715.0 INFINITY INFINITY None 
None 2789.6 5.0 • LABORl LL 
36 LABHIR2 BS 1167.9 5.0 • 1167.9 INFINITY INFINITY None 
None 5021.0 5.0 • LAB0R2 LL 
37 IABHIR3 BS 1144.5 5. 0 • 847.0 8.9 13.9 SELMS2 LL 
None 12545.6 5.0 • LAB0R3 LL 
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can also be used to examine the validity of the model and to help the 
programmer In gaining a better understanding of the model. In addition 
this analysis can be very useful In determining appropriate changes to 
be made In the model to gain more Information from It. These changes 
can involve determining the effect of variability in the prices and 
coefficients used on the optimal solution and can be made using several 
procedures available in the MFSX package. 
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LINEAR PROGRAMMING SIMULATION OF A 
BEEF CATTLE CROSSBREEDING EXPERIMENT 
The purpose of developing the following model is to investigate the 
utility of linear programming in the designing of a rather complex, 
multiyear beef cattle breeding experiment to meet the goals of the 
experiment at minimum cost. The information gained from this procedure 
should be of considerable value both to the animal scientist in the 
development of his research proposal and to the administrator who must 
approve it. 
The experiment which is simulated is one which investigates the 
heterosis retention for production traits in a synthetic population of 
cattle. The heterosis level in the F^ cross is to be compared to that 
remaining in the second generation of inter se mating of three breed 
crosses. The actual heterosis retention could then be compared to the 
theoretical retention of approximately 65 percent calculated using an 
adaptation of the method developed by Wright (1922). 
The specific synthetic combination which was selected included three 
breeds: the Angus, the Hereford and the Holstein-Frlesian. The resulting 
synthetic consists of 50 percent Angus, 25 percent Hereford and 25 percent 
Holstein. These particular percentages are used because of the ease of 
developing the desired percentages and because this cross would likely 
result in a productive beef animal for Iowa conditions. By substitution 
of the Brahman breed in place of the Holstein, a breed suitable for 
many of the southern parts of the United States could be developed. In 
addition this cross is a departure from the 5/8:3/8 cross which has been 
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typically used in the development of U.S. synthetics for sub-tropical 
situations. 
The development of the model to simulate this beef cattle experiment 
proceeds in the following manner. The experiment is described first in 
general terms with regard to the breeding program, years of operation, 
feeding and management practices. Secondly the data used and their 
sources are described. The linear programming matrix developed to simu­
late this experiment is described in the Appendix in terms of its activi­
ties, restraints and transfer rows. In the results section which follows 
the optimal solution, the least cost method of completing this experiment, 
is described. In addition, an economic analysis of the additional informa­
tion about the model and its stability to price changes as given by the 
MFSX package will be discussed. The final information examines the effect 
upon the optimal solution of price and production coefficient changes. 
This experiment was designed to be conducted at an agricultural 
experiment station in the midwestem cornbelt. An attempt was made to 
manage the cattle in a manner similar to that used by commercial cattle­
men of this area. No feedlot facilities are assumed to be available at 
the initiation of the study. A maximum of 15 years is allowed for the 
completion of the study. Two full time permanent employees with beef 
cattle management experience are available for the project. Supplemental 
labor can be acquired at $4.00 per hour. Four hundred acres of unimproved 
bluegrass pasture are available. In addition, 300 acres of land are 
available for rental for the planting of alfalfa-brome pasture the first 
year and an additional 50 acres are available each of the following four 
years. The cows are wintered on corn stalks for four months from November 
1 to the end of February. Supplemental protein during the winter is 
supplied. The cows are on pasture from March 1 to the end of October. 
The pasture feeding months are divided into three periods: March to May 
when the calves are born (period 1); June and July during which the cows 
are artificially inseminated (period 2); and August through October 
(period 3). During the first and third periods when the pasture forage 
is not likely to be sufficient, supplemental feeding can occur. The feeds 
which could be fed during these periods include ground shelled corn, com 
silage, stacked hay, and a urea based protein supplement. During the 
first period, the ration consumed is required to be at least 10 percent 
crude protein and it is required to be at least nine percent crude protein 
during the third period. 
Only cows open following two successive breeding seasons are culled. 
A two percent death loss per year iss assumed for all ages and types of 
animals. All calves are weaned November 1 when they are considered to be 
seven months old. The steers are fed for eight months and then slaughtered 
with the selling price being based on carcass weight and grade. Heifers 
are fed a growing ration in the feedlot for seven months and then are 
put into the breeding pastures on June 1 at 15 months of age. Excess 
heifers and their purebred contemporaries can be sold as bred heifers 
but only If equal numbers of the reciprocal cross are also sold in the 
case of the F^ heifers. Second generation synthetic females which are 
referred to as 65 females are not used as breeding animals so they along 
with their contemporary purebred heifers are sold as open heifers at the 
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end of the feeding period. 
The structure of the breeding program and its goals through the 
years of the experiment are as follows. The experiment was planned to 
begin November 1, 1976, with the purchase of weaned, seven month old 
Angus, Hereford, and Holstein heifer calves. An attempt is made to 
adequately sample the available calves of each breed by limiting pur­
chases to not more than 10 head per herd. The importance of this consid­
eration was discussed in the experimental design section. At the same 
time as the heifers are purchased, semen is purchased from as wide a 
sample of sires of each of these breeds as is available through the 
commercial artificial insemination organizations. 
The experiment includes five generations of animals; four of them 
produced on the farm. The five generations are shown schematically in 
Figure 1. The first generation is the foundation generation, the 
purchased purebred females and the sires from which semen is purchased. 
The second generation includes the six crosses of the three breeds and 
the three control purebred breeds. The F^ crosses are labeled using 
two letter abbreviations. The Angus, Hereford, and Holstein-Friesian 
breeds are abbreviated as A, H, and F respectively. The letter which 
indicates the sire breed will always precede that of the dam breed. 
The third generation consists of the three control purebreds and the 
four types of three breed crosses. These crosses are AX, an Angus sired 
animal out of an HF or FH F^ cross dam; XA, the reciprocal of AX which 
is an animal sired by a FH or HF F^ cross sire and out of an Angus dam; 
QZ, an animal sired by a HA or AH F^ cross sire and out of a FA or AF F^ 
Generation 
Angus 
G1 (Foundation) 
G2 (F^) 
G3 
G4 
G5 
Figure 1. Breeding plans 
Hereford Holstein-Friesian 
HF AF 
AX 
vy 
H 
ifif 
F 
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cross dam; and ZQ, the reciprocal of QZ. The fourth generation is com­
posed of animals produced by inter se mating of the third generation ani­
mals. These animals are designated by the symbols, G4, which signifies 
generation four. These animals are considered the first generation 
synthetics. The G4 animals, however, must be inter se mated to produce 
the fifth generation (G5) animals. This additional generation is neces­
sary to ensure that the initial loss in heterosis which is expected upon 
the first generation of inter se mating has occurred for both maternal 
and individual productive traits. 
The critical comparisons which are expected to be made from the data 
collected from this experiment are in generations two and five. In 
generation two the critical comparison is purebred versus crossbred to 
determine the initial average level of heterosis for individual production 
traits under the conditions of this experiment. Equal numbers of pure-
breds and crossbreds must be produced for this comparison to be made 
optimally. Thus 100 head of each sex of each pure breed are required to 
be produced as well as 50 head per sex of each of the crosses and 
reciprocals. This number should enable detection of differences of 10 
percent or greater between breed cross groups for each sex. 
The second critical comparison is that of the purebred controls with 
the G5 synthetics. Since the comparison again is purebreds versus cross­
breds there should be equal numbers of G5 animals and of contemporary 
purebreds. The G5 animals are composed of 50 percent Angus, 25 percent 
Hereford, and 25 percent Holstein so to adequately test average heterosis 
in generation five, the comparison required is 200 G5 versus 100 Angus, 
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50 Herefords, and 50 Holsteln per sex. The comparison of the heterosis 
in generation two versus that found in generation five is not a clean 
estimate of heterosis loss and epistatic recombination loss as the G5 
crossbreds benefit from the portion of the optimum maternal heterosis 
remaining in the G4 dams. This complication is not as critical, however, 
for the productive traits which are not greatly affected by maternal 
heterosis. 
Table 12 shows the types of cows possible in the herd during a given 
year and the types of calves produced. The foundation cows must produce 
equal numbers of purebred and crossbred calves during their first two 
calvings in years two and three. In the fourth year the Angus foundation 
females may produce an additional set of and purebred calves for the 
heterosis comparison, only purebred Angus calves, or XA (generation 
three) calves. Hereford and Holstein cows can produce and purebred 
calves or solely purebred calves. 
During the fifth year, the foundation Hereford and Holstein cows are 
allowed to produce only purebred calves while the Angus cows may produce 
XA or purebred Angus calves. The model also has the option of selling 
any or all of the foundation cows after the second or third calf crops 
and forces the sale of any remaining foundation cows after the fourth 
calf crop. 
If the foundation Angus cows produce some of the XA calves, the 
comparison of XA versus AX calves cannot be made without being partially 
confounded with age of dam effects. This comparison, however, was not 
meant to be a critical one in the experiment and age of dam correction 
ar 
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Potential structure of the breeding herd 
Calendar 
year Cow breeds possible Possible calves bom 
1976-77 
1977-78 A, H, F AA, HH, FF, HA, FA, AH, FH, AF, HF 
1978-79 A, H, F AA, HH, FF, HA, FA, AH, FH, AF, HF 
1979-80 A, IÎ, F, all Fi AA, HH, FF, all Fi, AX, XA QZ, ZQ 
1980-81 A, H, F, all Fi AA, HH, FF, AX, XA, QZ, ZQ 
1981-82 A, H , F, all Fj^, all G3 AA, HH, FF, AX, XA, QZ, ZQ, G4 
1982-83 A, H , F, all Fi, all G3 AA, HH, FF, AX, XA, QZ, ZQ, G4 
1983-84 A, H, ]?, all G3, G4 AA, HH, FF, G4, G5 
1984-85 A, H, ]?, all G3, G4 AA, HH, FF, G4, G5 
1985-86 A, H, ]?, all G3, G4 AA, HH, FF, G4, G5 
1986-87 A, H, F, G4 AA, HH, FF, G5 
1987-88 A, H, F, G4 AA, HH, FF, G5 
1988-89 A, H, F, G4 AA, HH, FF, G5 
1989-90 A, H, F, G4 AA, HH, FF, G5 
1990-91 A, H, F, G4 AA, HH, FF, G5 
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factors could be used to attempt to adjust for the age problems. 
The first set of two year olds and their purebred contemporaries 
may calve during the fourth year. The females all produce generation 
three calves, AX, QZ or ZQ. The Angus two year olds may produce control 
purebreds or XA calves. The Hereford and Holstein two year olds must 
produce purebred calves. The F^ cows can be sold after their second 
set of 63 calves are weaned or after any of the following years until 
the end of the seventh year when the remaining F^ females, if any are 
still present, are sold. The purebred cows may also be sold any year 
after their second calves are weaned. At the end of the seventh year all 
purebred females except those which are contemporaries of the G3 females 
are sold. The purebred Angus females are allowed to produce either Angus 
calves or G3 (XA) calves each year through year seven. After year seven, 
the purebred cows produce only control purebred calves. 
During years six to ten, the generation three cows, AX, XA, QZ, and 
ZQ, probably will be found in the simulated herd. These cows are mated 
only to G3 crossbred sires and produce only G4 (generation four) calves. 
These cows may be sold any year after their second calving and any fe­
males of this type remaining at the end of the 10th year are sold. 
The G4 cows potentially can calve for the first time in year eight 
and can calve a maximum of eight times with the last possible calving oc­
curring in year 15. The last possible set of G4 and contemporary pure­
breds two year olds calve in year 12. The first set of G4 and contempor­
ary purebreds can be sold at the end of year nine and this is the 
earliest possible conclusion of the experiment. The 64 females are bred 
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only to 64 bulls and produce only 65 offspring. 
The last opportunity for cows to calve is In year fifteen and any 
64 or purebred cows which remain at the end of this year are sold. 
Calves born In year fifteen are weaned on November 1, 1991. The last 
possible heifers are sold on May 30, 1992, and the last possible steers 
are slaughtered on June 30, 1992. 
During the course of this experiment it is Important that the level 
of inbreeding not rise substantially. This is critical for both the 
purebreds and the synthetics. A substantial rise in inbreeding in any 
of the breeding populations could bias the critical evaluations of the 
experiment. Another Important consideration is that the three breed 
crosses and later generations of synthetics be produced so as to ade­
quately sample each of the breeds found in the synthetic. The number of 
sires needed to maintain a low level of inbreeding in the synthetic 
should ensure that the later generations of crossbreds are produced 
through adequate sampling of the earlier generations. The use of 20 bulls 
and 80 cows per generation can be expected to maintain the level of in­
breeding under four percent over the course of the experiment. 
A final critical factor is the consideration of the capital or 
budget requirements of this experiment. The capital requirements are 
divided into three periods. The first period includes only the first 
two years of the experiment during which a large amount of capital is 
required and no returns are expected. Starting with the third year 
there are returns due to sales of slaughter steers and excess heifers, 
cull cows and cows no longer of use lu the experiment. The third through 
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the seventh years represent the second capital period. The capital 
requirements during the second and third periods represent the costs of 
the experiment reduced by the returns received from cattle sales. 
An attempt was made to use realistic data. These data are suffi­
ciently accurate to assess the feasibility of the procedure and to make 
general suggestions concerning the most efficient manner to conduct this 
beef cattle breeding experiment. 
The weights and growth rates of the animals simulated in this study 
are based on the published data of the U.S. Meat Animal Research Center 
(1974, 1975, 1976b), Iowa State University (Willham, 1971) and Texas 
A&M University (Cartwright, Fitzhugh, and Long, 1975). Five percent 
heterosis for weaning weight and post weaning daily gain is assumed for 
the F^ crossbred animals. A three percent heterotlc advantage for F^ 
crossbreds over the purebreds in mature size is also assumed (Cundiff, 
1970). 
The cows are. expected to maintain their weight or increase in weight 
up to five percent in the case of young cows during the winter months 
when their only energy source is corn stover. During the first three 
months following calving, weight losses of approximately 12, 15, 17 and 
13.4 percent are assumed for the beef or beef F^^ crosses, beef x Holsteln 
F^ crosses, Holsteln and three breed cross cows respectively. The 
Holsteln cows maintain their weight during the breeding season of June 
and July while the purebred beef and beef F^j cross cows, the beef x 
Holsteln F^ cross cows, and the three breed cross cows gain five, two and 
three percent in body weight during this period. The cows do the major 
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portion of their growing and regaining of lost condition during the late 
lactation months of August, September and October. The expected wieghts 
of the cows of each type at a given age on October 31 that are used in 
this simulation are shown in Table 14. Weight is not expected to increase 
after five years of age. 
The weaning and slaughter weights of the steer calves are shown in 
Table 13. Weaning weights and postweaning data gains are primarily based 
upon the data of the U.S. Meat Animal Research Center (1974, 1975, 1976b). 
The dressing percentages, carcass weights, carcass grades, and carcass 
prices are also shown in Table 13. 
Table 13. Steer data 
Steer Steer 
weaning slaughter Dressing Carcass Carcass^ 
Breed weight weight percentage weight grade 
Angus (A) 462 1000 60.0 600 Choice 
Hereford (H) 429 1000 59.0 590 Good 
Holstein-Friesian (F) 608 1200 58.0 696 Good 
(H)(A) F, 479 1050 59.5 625 Choice 
(F)(A) F, 499 1135 58.5 664 Choice 
(A)(H) F| 448 1050 59.5 625 Choice 
(F)(H) FJ- 471 1135 58.5 664 Good 
(A)(F) 633 1175 59.0 693 Choice 
(H)(F) Fi 633 1175 59.0 693 Good 
AAHF (AX) 519 1100 60.0 660 Choice 
HFÂA (KA) 500 1100 60.0 660 Choice 
AHAF (QZ) 499 1090 60.0 654 Choice 
AFAH (ZQ) 519 1090 60.0 654 Choice 
G4 510 1085 60.0 651 Choice 
^Choice carcasses sell at $63 per hundredweight and good carcasses 
at $59 per hundredweight. 
Table 14. Cow weights on October 31 
Weaning 19 month Two year old Three year old Four year old Five year old 
Breed weight weight weight weight weight weight 
Angus (A) 470* 865 963 1049 1106 1158 
Hereford (H) 435 865 963 1049 1106 1158 
Holsteln-Friesian (F) 600 1020 1144 1251 1339 1462 
HA 488 911 1027 1116 1164 1194 
FA 510 1006 1114 1212 1279 1353 
AH 455 911 1027 1116 1164 1194 
FH 480 1006 1114 1212 1279 1353 
AF 625 1006 1114 1212 1279 1353 
HF 625 1006 1114 1212 1279 1353 
AX 520 966 1070 1164 1240 1272 
XA 500 966 1070 1164 1240 1272 
QZ 520 941 1039 1130 1204 1234 
ZQ 510 941 1039 1130 1204 1234 
G4 510 941 1039 1130 1204 1234 
bounds. 
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The milk production of the cows In this study was predicted primari­
ly from the data of Oklahoma State University (1975) and Iowa State Uni­
versity (Weber, 1974). The milk yields assumed to be produced during 
period one are shown In Table 15. Expected milk production drops two and 
four pounds during periods two and three, respectively. 
Table 15. Milk production levels 
Breed Two years Three years Four years Five years 
Angus 11.0 12.5 14.0 15.0 
Hereford 10.3 11.5 13.0 13.5 
Holstein 23.0 25.0 27.0 29.0 
Beef F^ crosses 10.9 12.5 14.0 15.0 
Beef X Dairy F-i 17.0 19.0 20.5 22.0 
G3 14.5 16.0 17.5 18.5 
G4 14.3 16.0 17.5 18.5 
The calving percentages expected for Angus and Hereford cows at two, 
three, and four years or older are 78, 81, and 89 percent respectively. 
The Holstein cows wean 83 percent calf crops as two and three year olds 
and 79 percent calf crops as four year olds and older. A five percent 
heterotic advantage is assumed for and G3 cows while the G4 cows 
receive a 3.5 percent advantage over their parental average. 
The labor requirements of the cows, heifers, and feedlot animals 
were adapted from the Midwest Farm Planning Manual (James, 1973). The 
cows each require 3.5, 4.5, 1.0 and 2.0 hours of labor during periods 
one through four. The labor periods correspond to the feeding periods. 
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The calves each require 3.0, 2.25 and .75 hours during the three periods 
which follow their weaning. The C row costs per year for the cow 
activities in the model include expenditures estimated as follows: 
The two permanent employees supply forty hours of labor per week 
and work fifty weeks per year. Thus a total of 4000 hours of labor are 
available per year or 1000 hours of labor per quarter. Ample supple­
mental labor is assumed to be available when needed at $4.00 per hour. 
The nutritive requirements of the cows on pasture in this simulated 
experiment are estimated by their predicted consumption of digestible 
organic matter (DOM) which is based on the weight of the animal, the 
level of milk production, and the rate of weight gain or loss. Digest­
ible organic isatter is used as the unit of feed Intake instead of meta-
bolizable energy or net energy because the equations have already been 
developed which predict DOM consumption of cows grazing forages (Elliot 
et al., 1961; Holmes et , 1961; Hodgson and Wilkinson, 1967; Holmes 
and Curran, 1967; Wallace, 1956; Button, 1962, 1963; Corbett, 1960; 
Jones et al., 1965). The yields of DOM by the pastures in this model 
are in terms of total digestible nutrients (TDN) which Corbett (1960) 
assumes to be approximately equal to DOM. The equations which were 
selected for use in predicting the daily DOM intake by the grazing ani­
mals in this study are Equation 12 for milking cows. 
veterinary costs plus medicine 
salt and mineral costs 
nonlabor AI costs 
$12.00 
10.25 
10.00 
Total $32.25 
78 
DOM = .246M + .lOlW^^ + .5416 
(Jones et al., 1965) 
(12) 
Equation 13 for dry cows (13) 
DOM = 1.2(W/100) 
(adapted from Hodgson and Wilkinson, 1967) 
Equation 14 for heifers. (14) 
DOM = .0675W"75 + 2.52G 
(Holmes et al., 1961) 
and Equation 15 for calves (15) 
DOM = .1527W'*2 + 2.122G 
(Holmes e^ al., 1961) 
where : 
DOM = predicted daily consumption of digestible organic matter, 
M = daily yield of milk in pounds, 
W = live weight in pounds, 
G = gain per day in pounds. 
The daily consumption of com stover in the winter is 17 pounds for 
a 1000 pound cow which is adjusted by weight to the .75 power (W*^^) 
for lighter or heavier animals (R. L. Vetter, Animal Science Department, 
ISU, personal communication, 1976). The cows were also expected to 
require .9 pounds of crude protein daily as a supplement to the corn 
stover adjusted by the same factor for variations in weight. This value 
was adapted from the tables presented by the National Research Council 
(N.R.C., 1976). 
A Fortran program was written which calculated the requirements of 
DOM, com stover, and crude protein using the equations just described 
for the various breed types and ages of cows in the experiment. Because 
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open cows are given the chance to rebreed, the predicted DOM consumption 
of dry cows of each breed type and age is also calculated. The consump­
tion of DOM, com stover, and crude protein expected of the two year 
olds, three year old and mature cows (the average of four and five year 
old requirements) are shown in Table 16. The values in Table 16 for DOM 
consumption are adjusted according to the proportions of milking and dry 
cows of each type. The Fortran program recalculated the requirements 
daily to adjust for weight changes and summed the predicted requirements 
over the entire period. 
The consumption of DOM by nursing calves was predicted as approxi­
mately 1000 pounds using Equation 15 for an average calf weighing 350 
pounds at 150 days and gaining 2.2 pounds per day during the 90 days of 
the third feeding period. Consumption of DOM by calves under five months 
of age was ignored. The requirements for grazed DOM of the calves were 
added to those of their dams during the third grazing period; this 
addition is included in the values in Table 16. Because of the widely 
varying levels of milk production expected for the cows in this experi­
ment and the probable large influence of milk production of the cow on 
grazed consumption of DOM by her calf. Equation 15 was not considered to 
be accurate enough in predicting the DOM consumption of a calf to 
warrant the effort required to calculate a predicted DOM consumption 
for each type of calf. For this reason the average predicted consumption 
of 1000 pounds of DOM consumption for all calves is used. 
The nutrient requirements of the feedlot animals from weaning to 
slaughter or until breeding age were calculated using the net energy 
Table 16. Pounds of DOM, corn stover and crude protein consumed by a ten cow activity 
DOM consumption Corn stover Crude protein 
Breed Age Period 1 Period 2 Period 3* consumption consumption 
Angus 2 13,644 8,763 21,873 18,300 970 
Angus 3 t 15,052 9,636 23,532 19,830 1,050 
Angus Mature 17,034 10,783 26,077 21,573 1,142 
Hereford 2 13,520 8,678 21,748 18,300 970 
Hereford 3 14,873 9,508 23,353 19,830 1,050 
Hereford Mature 16,789 10,614 25,828 21,573 1,142 
Holsteia 2 17,852 10,938 25,869 20,705 1,096 
Holstein 3 18,629 11,897 27,285 22,566 1,195 
Hoistein Mature 20,400 12,972 28,813 24,762 1,311 
AH, HA 2 14,181 9,217 23,009 19,023 1,007 
AH, HA 3 15,957 10,179 24,807 20,812 1,102 
AH, HA Mature 17,907 11,294 26,988 22,506 1,192 
AF, FA, HF, FH 2 16,190 10,392 25,509 20,492 1,085 
AF, FA, HF, FH 3 18,191 11,329 27,137 22,120 1,171 
AF, FA, HF, FH Mature 19,225 12,197 28,771 24,050 1,273 
G3 2 15,685 9,888 23,886 19,878 1,052 
G3 3 17,134 10,764 25,546 21,462 1,136 
G3 Mature 19,159 12,777 28,424 23,416 1,240 
G4 2 15,310 9,662 23,444 19,491 1,032 
G4 3 16,753 10,531 25,087 20,994 1,111 
G4 Mature 18,738 11,989 28,080 22,903 1,213 
^Calf consumption at 1000 pounds of DOM per calf is included. 
^Mature is the average of the four and five year old requirements. 
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system developed by Lofgreen and Garrett (1968) and the crude protein 
requirement equations used by Long et al. (1975). The net energy re­
quired for maintenance (NE^) is a function of the weight of the animal 
alone; the net energy required for gain is a function of both the weight 
and rate of gain of an animal. The equations which follow express the 
daily NE^ and crude protein requirements for steers and heifers. 
NE = .077W*^^ 
m 
Resteers) ' + .00684g^)w" 
™g(heifer8) = + .012658^)w" 
(steers) ° .125W^^(.053g + .0068g=) + .004W^^ 
CP(heifgrs) .10W^^(.056g + .0126g:) + .004W^^ 
À least cost ration was determined using a linear programming 
model which was based on the work of Brokken (1971) as developed by 
Williams (1975). The least cost ration program developed by Williams 
was adapted to calculate a single daily ration during each of the months 
of the feeding period. A total ration for the entire feeding period was 
determined by multiplying each monthly ration component by 30 and sum­
ming them over all the months of the feeding period. A separate ration 
was calculated for each breed type and sex. Table 17 shows the feed-
stuffs from which the program selected the least cost ration. The 
specific rations developed for each breed type of steer and heifer are 
not show but in general, the steer rations are composed of com silage» 
ground shell com, urea and a small quantity of soybean oil meal. The 
heifer growing ration consists of corn silage, corn stover silage, urea 
82 
and a small quantity of soybean oil meal. The C row costs for steers 
and heifers are shown in Table 18. These values represent the total 
feeding costs per animal plus a total of $15.00 for salt, minerals, 
veterinary costs and medicine and $27.00 for salt, minerals, veterinary 
costs, medicine for the steers and heifers respectively. The heifer 
costs are higher as the heifer feeding activity is a year in length and 
also includes five months on pasture. The veterinary and mineral costs 
were obtained from a discussion with D. R. Strohbehn (Animal Science 
Department, ISU, personal communication, 1976). 
Table 17. Feedstuffs available for the feedlot ration 
Quality per kg DM Price 
Crude Percent Per kg 
Feedstuff Mm NEg protein dry matter Per unit DM 
Ground shell 
COcu 
2.28* 1.48 .10^ 89 $2.25(bushel) .1039 
Corn silage 1.56 .99 .081 40 $20.00(ton) .0550 
Corn stover 
silage 1.24 0.59 .072 50 $15.00(ton) .0330 
Soybean oil 
meal 1.93 1.29 .515 89 $200.00(ton) .2450 
Urea 0 0 281.c 100 $160.00(ton) .1760 
^egacalor ies. 
^Kilograms. 
Crude protein equivalent by weight. 
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Table 18. Total C row costs for steer and 
heifer feeding activities 
Breed 
C row costs 
Steers Heifers 
Angus 134.50 88.32 
Hereford 140.67 87.38 
Holstein 166.15 97.99 
HA 146.08 93.45 
FA 168.86 96.21 
AH 152.20 90.84 
FH 174.93 83.40 
AF 152.37 100.58 
HF 152.37 100.58 
XA 157.26 92.78 
AX 153.18 94.90 
QZ 150.09 94.48 
ZQ 154.18 95.38 
G4 150.61 93.20 
G5 150.28 93.56 
The data for the development of the forage producing and corn sto­
ver activities were obtained through discussions with R. L. Vetter 
(Animal Science Department, ISU, personal communication, 1976) and F. W. 
Schaller and W. F. Wedin (Agronomy Department, ISU, personal communica-
; 
tion, 1976) and through data compiled by Taylor (1972). The only source 
of pasture forage available are bluegrass and alfalfa-brome pasture. The 
bluegrass pasture can be improved with application of fertilizer, herbi­
cide, and periodic clipping instead of remaining as unimproved pasture. 
The improved bluegrass pasture is assumed to yield 1.8 times the quantity 
of DOM produced by the unimproved pasture. The bluegrass improvement is 
assumed to increase the yield of DOM only during the year of application. 
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The alfalfa-bromegrass planting activity was considered as a five year 
activity. Production of DOM during the first year, the year planted, is 
considered to be 25 percent of the yield in each of the following four 
years. The production of DOM by the bluegrass and alfalfa-bromegrass 
pastures for each pasture period are shown in Table 19. The land charges 
which are used for the alfalfa-bromegrass and unimproved bluegrass 
pastures were $80.00 and $30.00, respectively. 
Table 19. Yield in pounds per acre of DOM; dry matter and crude protein 
by grazed pastures 
Type of Period 1 Period 2 Period 3 
pasture DOM DM CP DOM DOM DM CP 
Alfalfa-bromegrass 645 1040 198 1470 1260 2032 386 
Unimproved bluegrass 255 425 64 366 268 447 67 
The establishment cost of the alfalfa-bromegrass pasture which in­
cludes seed, lime fertilizer, labor, overhead, and machine costs is 
$70.26 per acre. Adding a yearly maintenance cost for fertilizer, 
herbicide, etc. of $12.18 per acre the land charge, and interest on the 
initial cost results in a total cost of $533.22 per acre over five years. 
The bluegrass improvement activity costs an additional $20.00 per acre 
for fertilizer and herbicide, etc. The planting and fertilization of 
pastures are custom hired. 
The labor required per acre for the pasture activities is .8 and 
.4 hours during the second pasture period for clipping for the alfalfa 
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and Improved bluegrass pastures, respectively. An additional hour of 
labor is required during the third pasture period each year for fencing. 
During the first and third pasture periods, the supplemental feeds 
of stacked hay, ground shell corn, com silage, and a protein supplement 
can be fed if the pastures cannot produce sufficient quantities of DOM. 
If supplemental feeding is practiced, the ration consumed including pas­
ture forage must be at least 10 percent crude protein during the first 
period and at least nine percent during the third period. The costs of 
the supplemental feeds and their content of DOM, CP, and dry matter 
(DM) are shown in Table 20. The CP and DM values were obtained from 
the N.C.R. (1976). 
Table 20. Pasture supplemental feeds 
Quantity in pounds per unit 
Feedstuff Cost per unit DOM 
Crude 
protein 
Dry 
matter 
Ground shell 
com 
$2.25(bushel) 44.9 3.0 49.84 
Com silage $20.00(ton) 560.0 72.0 800.0 
Stacked hay $50.00(ton) 990.0 288.0 1800.0 
Protein supplement $108.00(ton) 1584.0 640.0 1800.0 
Corn stover to supply the winter energy requirements of the cows 
can be rented at $5.00 per acre. A restriction was placed upon the 
program which required that an equal number of acres of com stover be 
harvested as are grazed. This was done to ensure that corn stover would 
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be available even If a heavy snowfall covered the fields for an extended 
period. Each acre of harvested com Is assumed to contain 5800 pounds 
of com stover (Taylor, 1972). Seventy-five percent of the dry matter 
Is expected to be recovered in the harvesting process leaving 4350 pounds 
of harvested dry matter. The cows generally waste 30 percent of the 
harvested com stover during feeding leaving 3045 pounds of DM per acre 
to meet the requirements of the cows. The cost of harvesting the corn 
stover of $32.50 per acre was based upon the custom fee of $25.00 per 
stack. 
The cows were assumed to have an efficiency of grazing corn stover 
of only 25 percent of the available DM resulting in 1450 pounds of corn 
stover DM per acre being available to meet the requirements of the cows. 
The consideration that the grazed com stover DM contained a higher per­
centage of leaves, grain and husks than the harvested stover and conse­
quently had a higher proportion of TDN was ignored. 
The two supplemental protein feeds, stacked alfalfa hay and a urea 
based protein supplement, cost $50.00 and $108.00 per ton respectively 
and supply crude protein at a rate of 330 and 640 pounds per ton respec­
tively. 
The presupposition was made that no feedlot facilities were present 
at the initiation of the experiment. The options allowed this model in 
terms of feedlot facilities were to build a feedlot with space for from 
300 to 600 animals. The model was not allowed to build .5 units of a 
600 head lot. The estimated costs of building 300 and 600 head capacity 
feedlots in Iowa during the late fall of 1976 were $88,000 and $123,000 
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respectively. These costs are based on those of the study of Boehlje 
and Trede (1975) adjusted upward 25 percent as advised by M. D. Boehlje 
(Economics Department, ISU, personal communication, 1976). 
The purchase and sale prices of the animals in this experiment are 
those of late 1976. The prices used are based on discussions with sev­
eral persons of the Animal Science staff (D. R. Strohbehn, D. K. Nelson, 
R. L. Willham, and J. 6. Sebranek, Animal Science Department, ISU, 
personal communication, 1976). The only cattle purchases are the original 
foundation heifers. The Angus, Hereford, and Holstein heifers are pur­
chased as seven month old weaned calves at $175.00, $175.00 and $300.00 
respectively. Cows which are of no further use in the experiment are 
sold at $300.00 per cow regardless of their breed or cross. Cull in­
fertile cows are sold at $.22 per pound. Excess cows of any breed may 
be sold any year after they reach three years of age. The sale price 
of these cows are based on weight at the time of weaning their calves. 
These cows are sold for $.33 per pound which is 1.5 times the price of 
slaughter cows. 
Bred heifers may be sold during the period when the heifers are 
being produced. Purebred Angus and Herefords, Holsteins, and all 
crosses are sold for $300.00, $375.00, and $325.00 respectively. Open 
heifers are sold during the last years of project at $275, $350, and 
$300 for Hereford, and Angus, Holstein and G5 heifers, respectively. 
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RESULTS ; OPTIMAL DESIGNS 
The objective of the optimization of this LP simulated experiment 
is to design an experiment which allocates resources In a manner which 
minimizes the total cost of assessing the heterosis in the crosses 
between three breeds of cattle and the amount of heterosis retained in 
the offspring of the second generation (G4) synthetics. This section 
describes the optimum design for this experiment, its sensitivity to 
certain types of coefficient changes and the manner in which the opti­
mum design changes when there are changes in the assumptions upon which 
the price and production coefficients are based. 
The optimal solution to the LP simulation of this experiment indi­
cates the minimum cost method of meeting the goals of the experiment. 
One hundred seventy heifers of each of the three breeds, Angus, Hereford 
and Holsteln, are purchased to initiate this study when it is conducted 
according to the optimal design: These cows produce three calf crops of 
both purebred and crossbred calves for the evaluation of the initial 
level of heterosis and then they are sold. The F^ heifers and some of 
the purebred Angus heifers are retained from the second calf crop to 
produce the three breed (XA) crosses. Purebred Hereford and Holsteln 
heifers are retained from the third calf crop to produce the purebred 
animals for the later comparison. The G3 crosses are produced in years 
five and six and then the F^^ cows are sold. The G4 cows, the dams of 
the G5 synthetics are born in the years seven through nine. The critical 
comparison of G5 versus pure breds to estimate the heterosis retention is 
conducted in the calf crops from year nine through 14. All cows are 
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sold at the end of the 14th year. 
The more detailed description which follows is based on the LP model 
described in the previous section. This model contains price and pro­
duction coefficients that are estimates of those which would be present 
in the actual experiment. The optimal design does not include any con­
sideration of the possible effects of deteriorating cattle prices, re­
productive failure, or badly missing the values of other critical coef­
ficients. 
Table 21 contains a summary by period of the noncattle resources 
required during the course of the experiment. The values in this table 
should be very useful in making long term management decisions in the 
experiment. A feedlot with capacity for 525 animals at slaughter or 
yearling weights must be constructed at the initiation of the experiment. 
The pasture requirements are met by planting almost 300 acres of alfalfa-
bromegrass pasture during the first year as well as improving all 400 
acres of the bluegrass pasture during the first year and nearly 90 the 
second year. During periods two and three, no additional alfalfa is 
planted and all of the bluegrass is utilized only in year four. 
Com stover acreage must be rented to supply the winter forage re­
quirements of the cows. The quantity required varies from 80 acres 
during year seven to 471 in year three. Each year hay is purchased as 
a winter protein supplement varying from 29 tons in year seven to 170 
tons in year three. 
During pasture periods one and three each year pasture forage may be 
limiting and supplemental feeding is allowed. Com silage is the only 
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Table 21. Resources other than cattle required in the experiment— 
initial model 
Requirement (units) Period 1^ Period 2^ Period 3^ 
Feedlot space (head 
capacity 525 
__d 
__d 
Alfalfa pasture (acres) 291 — —  — 
Improved bluegrass (acres) 486 1314 2118 
Corn stover (acres) 435 1282 1095 
Com silage (tons) 2902 6568 5669 
Alfalfa hay (tons) 157 462 395 
Supplemental labor (hours) 4586 13,506 — 
Budget (dollars) 530,949 -99,655® 15,388 
^ears one and two. 
^Years three through seven. 
^Years eight through fifteen. 
^No additional space required. 
Greater income than expenditures. 
supplemental feed which is utilized and it is fed during all allowable 
periods except for the spring of year five. The quantity of corn silage 
fed during a given period varies from a low of 77 tons during the spring 
of year seven to a high of 1694 tons during the fall of year three. 
Labor must be hired in addition to the two permanent employees 
during the first five years of the project with the greatest additional 
quantities being required in year three. The greatest need for additional 
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labor arises during the artificial Insemination period of June and July. 
During this period in year three, eight additional persons would be re­
quired if a 40 hour work week is assumed. 
The budget requirements are also shown in Table 21. Period 1, the 
first two years of the project, requires $530,949 of which $99,655 can 
be repaid during years three through seven. Period 2. An additional 
$15,388 is required over the retuims from cattle sold during the third 
period to make the total expenditure required for the experiment be 
$451,907. If these budget requirements excluding the feedlot building 
costs are separated into expenses and returns, the budget requirements 
are $417,034, $551,601, $419,436 for periods one, two and three respec­
tively and the returns are $651,256 and $404,048 during the latter two 
periods respectively. These values can critically affect the cash 
flow situation of an experiment station. 
The Inventory of cows two years of age and older that must be present 
each year to meet the goals of the experiment: are shown in Table 22. 
Table 23 shows the sales of cows from the project for breeding purposes. 
These two tables plus Tables 24 to 26 describe how the experiment is 
to be conducted in terms of the decisions regarding cattle to minimize 
total costs. The general course of the experiment has been described and 
its method of achieving the goals of the experiment is clearly shown in 
Tables 25 and 26. The comparisons are made In the first three calf 
crops which is the maximum number allowed. Thus the reproductive co­
efficients and the sensitivity required of the comparison between pure-
breds and crosses determines the number of cows which must be purchased. 
Table 22. Inventory of year of cow numb€irs — initial model 
Year of 
experiment 
Purebreds AH 
HA 
Fl 
AF 
FA 
HF 
FH 
Synthetic 
Total cows Angus Hereford Hoistein G3 G4 
2 174 174 174 522 
3 168 168 167 503 
4 154 154 159 417 
5 34 — — —— 18 34 34 — — —  120 
6 51 9 13 18 33 33 — — —- 157 
7 18 9 12 49 — 88 
8 24 11 17 98 150 
9 30 15 21 92 20 178 
10 23 12 17 61 113 
11 36 17 16^ 100 169 
12 44 22 19 97^ 182 
13 42 21 18 94 175 
14 40 20 17 91 168 
^All cows are two and three years old. 
^All cows are three years of age and older. 
Table 23. Sales of cows for breeding— initial model 
n 
Year of Purebreds AH AF HF Synthetic Total Cow 
experiment Angus Hereford Holstein HÂ FA FH 63 64 sales 
3 4 
4 149 
5 — 
6 31 
7 — 
8 
9 16 
10 — 
11 
12 — 
13 — 
14 39 
Total Sales 239 
4 
149 152 
20 
181 
11 
9 
2 
1 
17 
192 
18 32 32 
4 
89 — 
88 
18 32 32 93 88 
8 
450 
0 
113 
0 
4 
124 
9 
2 
1 
0 
164 
875 
Table 24 . Sales of steers* and heifers* — initial model 
n 
Purebreds AH AF HF Synthetic Total sale 
Year of Angus Hereford Holstein HA FA FH G3 G4 G5 animals 
experiment ga H^ S H S H S H S H . S H S H S H S H S H 
3 33 33 32 32 34 33 33 33 33 33 33 32 - 197 197 
4 33 — 33 33 34 34 35 15 34 — —  35 - 204 116 
5 33 15 33 24 31 18 33 33 33 32 32 32 - 195 154 
6 51 - - — - 51 — —  —  
7 7 — 4 5 51 - - — - 67 
8 7 — 4 5 - 21 - — - 37 
9 10 — 5 7 - 41 - — - 63 — — —  
10 13 — 6 9 — •— - 40 - 8 8 76 8 
11 10 9 5 5 6 7 - 25 24 46 45 
12 15 15 6 7 7 6 - 41 42 69 70 
13 18 18 10 9 7 8 - 42 42 77 77 
14 18 18 9 9 7 7 - — —  - 41 42 75 76 
15 17 18 9 8 6 7 - 41 40 73 73 
Total sales 214 126 156 127 158 120 101 81 100 65 100 64 102 0 102 0 198 198 1230 816 
^Rounded to the nearest whole number and adjusted for death losses. 
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Table 25. comparison^ with purebreds — initial model 
n 
Year of Purebreds HA FA HF 
birth Angus Hereford Holstein AH AF FH 
2 33 32 34 33 33 33 
3 33 33 34 35 34 35 
4 33 33 31 33 33 32 
Total 99 98 98 101 100 100 
^Only includes steers. 
Table 26. Synthetic comparison^ with purebreds — initial model 
Year of Purebreds Synthetic 
birth Angus Hereford Holstein G5 
8 10^ 5^ 7^ 
9 13 6 9 8 
10 10 5 6 25 
11 15 6 7 41 
12 18 10 7 42 
13 18 9 7 41 
14 17 9 6 41 
Total 91 45 42 198 
^Only includes steers. 
^These are not included in the total numbe rs of pure-
breds since a comparison between purebred and 65 ani-
mais cannot be made. 
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The choice of the calf crop from which to retain heifers is more inter­
esting. Only heifers born in year three are retained. All heifers 
are sold from the first calf crop so that no additional two year olds 
calve until year five when the foundation cows have already been sold. 
Of the purebred heifers, only Angus are retained from the heifers bom 
in year three. These heifers produce XA (G3) crossbred calves during 
years five and six and are then sold. All of the purebreds of the later 
generations are descended from the small number of purebred heifers 
retained from the year four calf crop. If the experiment were to be 
conducted in this manner, inbreeding would rise substantially in the 
purebreds which would bias the estimation of heterosis retention. The 
experiment could also easily be deficient in purebred females if the sex 
ratio of the calves of the few cows retained was not at least 50 percent 
heifers. Because of these problems, greater numbers of purebred females 
are required to be retained in a revision of this model. 
In the fourth calf crop (year five) only G3 (XA, AX, QZ, ZQ) calves 
are produced. During year six purebred calves are bom from the pure­
bred two year olds retained in year four and the three year old Angus 
and F^ cows produce a second set of G3 calves. All three year olds are 
sold after producing their second calf crop. All of the G3 females pro­
duced are retained for breeding as are all purebred females born after 
year four until they are forced to be sold as open heifers during the 
last years of the project. The calves born during years five and six 
can provide some rough comparisons between G3 calves bom from Angus 
cows (XA) with those from F^^ crossbred cows (AX, QZ, ZQ) but the numbers 
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are not sufficient to detect anything but large differences (> 10 percent) 
between the G3 calves bom from Angus versus dams. No valid compari­
sons can be made between the G3 and the purebred calves since no purebred 
calves are born in year five and only small numbers are born from two 
year olds in year six when the G3 calves are from three year old dams. 
During year seven, G4 calves are produced from two year old G3 cows 
and the purebred calves are from three year old cows which confounds 
the measurement of the heterotic response with an age effect during 
this year. In year eight, G4 calves are produced from two and three year 
old G3 cows. Each of the four 63 type cows calve in approximately equal 
numbers for both ages except for the ZQ cows of which there were only 
about half as many as the other types. The ZQ cows are fewer in number 
because it was more profitable to keep half Holstein cows during years 
five and six than the beef x beef (HA, AH) F^ cows. Small numbers of 
purebred two year old and mature cows also calve during year eight with 
purebred calves. 
In the ninth year of the project, one year later than is possible, 
the critical comparison of the performance of G5 calves to that of the 
contemporary purebreds begins. The third crop of G4 calves is also pro­
duced. The performance of the G4 calves relative to that of the purebred 
controls can be compared during years seven, eight and nine but not 
adequately as the experiment was not designed to make this comparison. 
At the end of year nine all G3 cows as well as the older Angus, Hereford, 
and Holstein cows of the same age as the 63 cows are sold. 
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Only G5 and purebred calves are produced during years 10 through 14. 
Nine mature Holstein cows are sold at the end of year 10 and no mature 
Holstelns calve during the 11th year but they do calve in years 12 through 
14. G4 and purebred two year olds calve in each of the years from nine 
through 11 but only purebred two year olds calve in year 12. During year 
13, three year old purebred and mature purebred and G4 cows calve. In 
year 14 only mature cows of all four types calve and all cows are sold at 
the end of this year. Other than an occasional mature Holstein and the 
infertile cull cows, there are no cow sales from the end of year nine 
until the final sale of the cow herd at the end of year 14. 
The numbers of animals of each type in the critical comparisons of 
purebreds versus crossbreds are shown in Tables 25 and 26. The variations 
in the numbers are due to the method used to account for the death loss 
and convert the real numbers to integers. The critical comparison of 
the G5 calves with the purebred calves as is shown in Table 25 is some­
what deficient in numbers of purebreds because some purebred calves are 
produced during year eight when no G5 calves are produced. The age dis­
tribution of the dams of the purebred versus G5 calves is not as similar 
as would be desired since all of the G4 dams of the G5 calves are produced 
during years seven to nine whereas the purebred dams were calved in years 
six to 10. 
Another problem with this design for the experiment is that the num­
ber of cows each year varies substantially from a high of 512 two year 
olds in year two to a low of 90 cows during year seven. This situation 
would make the management and labor situation inconsistent from year to 
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year and could lead to difficulties. The model revision to correct 
for inbreeding should also reduce considerably the variation in herd size 
from year to year. Before the effects upon the optimum design of this 
and other revisions are discussed, the sensitivity of this initial design 
to price and other coefficient changes should be investigated. The 
discussion which follows also includes considerations of the increases in 
cost of the experiment if it were to be conducted in a manner other than 
the optimum one. 
Analysis of the DUAL ACTIVITY values in the ROWS sections and the 
REDUCED COST values in the COLUMNS section of the optimal solution printed 
by the MPSX package and of the RANGE analysis allows much more information 
to be extracted from the optimal solution than simply the best design 
for conducting the experiment. The REDUCED COST values can be helpful 
in determining the increased costs if the experiment were to be conducted 
in a nonoptimal manner. Study of the RANGE analysis allows examination 
of the sensitivity of the optimal solution to some types of coefficient 
changes. 
The DUAL ACTIVITY values or shadow prices for the minimum numbers in 
the versus purebred comparison are of particular Interest. The values 
are $1192.20, $1367.79 and $1471.54 for purebred heifer calves from Angus, 
Hereford and Holsteln dams respectively. These values Indicate the re­
duction in the cost of the experiment if any of these restrictions were 
reduced by one unit, one purebred heifer calf. While these values may 
seem excessively high, they are more realistic when it is understood 
that in order to produce the required quantity of purebred heifer calves, 
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the cow activities must also produce equal numbers of purebred steer 
calves as well as crossbred calves of both sexes because of the manner in 
which these activities are designed. As a result each unit of these 
restrictions represents four calves rather than one, making the additional 
cost producing a single additional calf $298.05, $341.95 and $367.89 from 
Angus, Hereford and Holstein cows, respectively. The information in 
the RANGE analysis shows that these values apply only over a range of 
several units from 102, the minimum number of purebred heifers of each 
breed required. 
The REDUCED COST values in the COLUMNS section of the optimum solu­
tion for the steer feeding activities which were bounded to force the 
comparison of G5 versus purebred animals provide equivalent information 
as the shadow prices on the row restriction to produce the versus 
purebred comparison. These values are $1846.98, $2298.73, $2645.76 
and $2939.25 for the Angus, Hereford, Holstein and G5 minimum steer 
numbers, respectively. Since equal numbers of heifers must also be 
produced and each unit includes 10 animals, these values are reduced to 
$93.35, $114.49, $132.29 and $146.96 on a per animal basis for these 
same breeds. The higher value for the G5 comparison reflects several 
factors but the primary one is the much greater numbers that are re­
quired for the synthetics since the reduced cost value indicates only 
the reduction in cost which could be achieved if the bound were to be 
lowered one unit. The COLUMNS AT LIMIT LEVEL section of the RANGE 
analysis shows that the ranges through which these reduced cost values 
remain constant are larger than those discussed for the versus 
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purebred restriction. The reduced cost values on the Angus, Hereford, 
Holsteln and G5 minimum steer numbers are valid from 9.1 to 10.3, 4.0 
to 5.2, 4.2 to 5.1 and 19.8 to 20.4 units of 10 head respectively. The 
UPPER COST/LOWER COST column indicates that if no other coefficients 
changed, the feeding costs (C row values) of the steer feeding activities 
could vary to the point where you would be paid about $25.00 to $75.00 per 
animal to feed them out in addition to the sale price before greater 
numbers of steers would be fed out than are forced to be fed. This in­
formation shows that the optimal design is extremely insensitive to the 
feeding costs of steers. 
Also of interest in the optimal solution are the shadow prices on 
activities which did not enter the optimal solution. There are many of 
these which could be investigated but only the most interesting are in­
cluded in this discussion. These include the shadow prices on the 
activities which force the sale of cows after the last year in which 
their calves can be used in the project (SELCOWl, 2) and the shadow 
prices on the production of all purebreds during year four from the 
foundation cows, the production of purebred Instead of XA calves from 
Angus cows in years five and six, and on not selling the purebred and 
heifers produced in years two, three and four. 
The SELCOW activities have shadow prices of $295.23 and $195.6? for 
capital periods one and two respectively. Since these values are based 
on units of 10 cows, these activities could come into solution with 
relatively small changes in the price coefficients. The RANGE analysis 
Indicates that if the price received when these types of cows were sold 
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were to Increase by $25.92 and $19.57 during capital periods two and 
three respectively, then XA mature cows or noncontemporary Hereford cows 
would no longer be sold after the year eight and nine respectively. Either 
of these types of cows would then be sold a year later by the appropriate 
SELCOW activity. 
During year four all of the foundation cows produce calves for the 
purebred versus controls comparison. The added cost to the experiment 
of producing only purebred calves from groups of 10 Angus, Hereford and 
Holstein cows are $2463.07, $2643.07, $3511.23, respectively. The ad­
ditional cost of producing three breed cross calves from the Angus cows 
(XA calves) is lower at $800.79 per 10 cows. The increased cost figures 
are valid for small increases up to 1.3 units for Holsteins and .6 units 
for the Angus and Hereford cows producing purebred calves. The increased 
cost values for all these cow activities not in the optimum solution are 
of a magnitude which makes it unlikely that they will be particularly 
sensitive to coefficient changes. 
Compared to the increased costs of producing all purebred calves 
during year four, the added costs to the experiment to produce a group 
of purebred calves from the foundation cows in year five appears to be 
much lower as the increased cost values range from $43.54 for Angus cows 
to $1220.63 for the Holsteins which have poor reproductive performance 
and high feed costs as mature cows. There is no Increased cost value 
given for Angus cows bred to produce XA calves during year five as that 
activity is in the basis at zero level. 
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The apparent reason that the heifers are kept and calved out 
during the fifth year but not In the fourth year Is that lot space and 
other requirements would become more critical If two year olds calved 
during the fourth year. The heifers do not calve In year six either 
and have rather high and extremely variable Increased cost values. They 
are especially high for the HF and HA two year olds at $7775.36 and 
$4511.98 respectively. It is not immediately clear why these shadow 
prices are so high, but examination of previous solutions before the re­
ciprocal crosses were forced to be sold as a unit does not show these 
unusual values. The increased costs were approximately $2800.00 for 
the beef x Holstein F^ crosses and $4190.00 for the Angus x Hereford and 
reciprocal F^ crosses. Apparently the extreme variability in these co­
efficients is a result of the restriction placed on the model to force 
equal numbers of reciprocals to be sold if any are sold as heifers. 
The RANGE analysis contains extremely large UNIT COST values for 
certain activities associated with the F^ comparisons. These values 
which are approximately $95,000 Indicate that the selling price would 
have to be increased by this quantity before a unit of this activity 
would enter the solution at the level Indicated by UPPER ACTIVITY for 
the column. A value of this magnitude is usually an indicator of a 
problem in the model. There may be problems in this model but the 
activities with these extremely high UNIT COST values always have as 
their LIMITING PROCESS the minimum limit on Holstein calves. In an 
earlier model with less restrictions there were also UNIT COST values 
of nearly this magnitude but these always have the minimum restriction 
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on Hereford or Angus heifer calves as the LIMITING PROCESS. These ex­
tremely large values were not found in the RANGE analysis of another 
previous model which was required only to purchase 100 cows of each 
breed to produce the versus purebred comparison. Consideration of 
these facts leads to the conclusion that the tremendous UNIT COST values 
can be explained as the increase in returns that must occur in a single 
activity to produce more than the required numbers of each type of F^ 
and purebred calves. To do this would require an increase in facilities 
and other resources which could account for these large UNIT COST values. 
The optimal design of the experiment is not particularly sensitive 
to the C row costs (primarily feed costs) of any of the steer or heifer' 
feeding activities. Since these values could vary so widely without 
changing the optimal solution, it would not be useful to investigate 
changes in the feeding costs. Changes in the input costs of the cow 
activities are as a rule also not very sensitive to the optimal solution. 
Many of the cow activities which are not included in the optimal solution 
(nonbasis activities) are so undesirable economically that their C row 
values must change such that the researcher is paid to feed and care 
for these cows (i.e. negative C row values) before they will be included 
in the optimum solution. The optimum solution is much more sensitive 
to increases or decreases in the price of carcass beef, particularly after 
the first feeding period. 
The information presented in the DUAL ACTIVITY and REDUCED COST 
columns of the printout of the optimal solution as well as the RANGE 
analysis also supplies interesting data concerning the supplemental 
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feedings and pasture requirements of the cows. Pasture availability was 
not intended to be greatly restrictive in this model and as a result the 
marginal value product (DUAL ACTIVITY) values for pasture acreage are 
small; $30.23 and $53.90 for unimproved bluegrass acres during year one 
and year four respectively and zero for all other years. Nearly all of 
the available acreage for alfalfa planting is utilized during the first 
year. No other alfalfa is ever planted but the income penalty on alfalfa 
planting is never great which indicates that the optimal solution is fair­
ly sensitive to the cost of alfalfa planting and maintenance. 
There are nonzero shadow prices or marginal value products for 
pounds of digestible organic matter during each period when cattle are 
present except during the second period of year five when excess alfalfa 
pasture is available. The marginal value product is approximately $.03 
to $.04 per pound of DOM during most periods but reaches $.11 during 
period two of year four as supplemental feeding is not practiced during 
June and July and as a result pasture production is more critical during 
this period. There never is a shadow price on crude protein due to the 
quantity of high protein pasture available relative to the quantity of 
supplemental feeds fed. As previously described, the only supplemental 
feed which is fed during the spring and fall periods is corn silage. The 
SANGE analysis indicates that other sources of DOM would not» as a rule s 
be substituted for corn silage unless the price of com silage rose to 
$28.00 per ton or until ground shell corn dropped to $1.60 per bushel, or 
hay dropped to $35.00 per ton. 
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The DUAL ACTIVITY value for the corn stover required for consumption 
by the dry cows during the winter is $.0099 per pound. The DUAL ACTIVITY 
value of $9.35 for the restriction which forces an equal number of acres 
to be harvested as are grazed apparently indicates that by removal of 
this restriction the cost of wintering the cows would decrease by this 
quantity for each acre of corn stover harvested. The crude protein 
supplement for this period is supplied by hay at $50.00 per ton which 
corresponds to $.15 per pound of crude protein according to the DUAL 
ACTIVITY value for the winter crude protein restriction. 
While there is much more information which could be extracted from 
the RANGE analysis of the optimal solution, the information which has 
been presented is probably sufficient to inform the reader about the 
type of information which is available from the optimum solution and the 
ÏÎANGE analysis. The next step is to examine the effect upon the optimal 
design of changes in the restrictions and critical coefficients. 
The RANGE analysis shows that the carcass beef prices certainly are 
coefficients which bear further examination. The problems which would 
be expected to develop if the experiment were conducted without increas­
ing the numbers of purebred females retained after the initial comparison 
have already been discussed and the model should be revised to alleviate 
this problem. This revision should also reduce the variation in herd 
size over the course of the project which is a problem in the initial 
design. The reproductive coefficients are clearly seen as critical 
through examination of Table 23 where the mature Holstein cows which 
have a low calving percentage are sold whenever possible. 
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The optimal designs for conducting the experiment after correction 
for the inbreeding problems of the initial design, after dropping the 
sale prices for cattle and after lowering the reproductive coefficients 
of the Holsteins and all of the crosses containing Holstein breeding are 
described in the remainder of this section. The major ways in which the 
optimal design after each of these revisions varies from the initial 
design is also described as is a set of general recommendations about 
the overall optimal method of conducting this experiment. 
The correction to prevent a rise in inbreeding in the optimal design 
is investigated first. The model is forced to retain at least 80 females 
each generation to correct for the inbreeding and variable herd size 
problems. At least 80 two year old cows of each breed are forced to 
calve in years four through seven and another 80 of each breed must 
calve in years eight through 12. The model is also forced to calve out 
at least as many two year old crossbred cows as were calved out in the 
initial design. These numbers are 90 100 63 and 100 G4 cows. 
Table 27 indicates the requirements of the experiment for resources 
other than cattle. This table displays the equivalent information as 
Table 21 does for the initial design. The inbreeding minimization in­
creases the total cost of the experiment by over $41,000. Considerably 
more supplemental labor and other resources are required during the 
second period as a result of increases in numbers of cows. The shadow 
prices or increased cost values for the various restrictions and activities 
of the model do not change substantially in this solution. The shadow 
price on the inbreeding restrictions vary from $0 for AAINBD2, the 
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Table 27 . Resources other than cattle required in the experiment 
after minimizing inbreeding 
Requirement (units) Period 1^ Period 2^ Period 3^ 
Feedlot space (head 
capacity 520 
__d 
__d 
Alfalfa pasture (acres)® 322 17 
Improved bluegrass (acres) 473 1469 2234 
Com stover (acres) 432 1566 1157 
Com silage (tons) 2889 8251 6029 
Hay (tons) 156 565 417 
Supplemental labor (hours) 4510 18,089 220 
Budget (dollars) 533,304 -37,309^ -8430^ 
^Years one and two. 
^Years three through seven. 
^Years eight through 15. 
d 
No additional space required. 
®Each acre is an acre planted and produced five years. 
Greater income than expenses. 
109 
restriction during years four and five for numbers of Angus two year 
olds to $406 for ÂAINBD3 and $383 for FFINBD3 which force the specified 
number of two year old Angus and Holstein heifers to calve during the 
sixth and seventh years. These values allow a cost figure to be placed 
on the minimization of inbreeding in the model. 
In addition to reducing considerably the variation in total herd 
size after the sale of the foundation cows, the numbers of each pure 
breed each year are much more constant in this design. Some purebred 
heifers are retained from each of the first three calf crops as can be 
seen from Table 29. Some of the heifers are retained from the first 
and second calf crops. No HA or AH heifers are retained and considerably 
greater numbers of FA and AF heifers are retained than HF or FH heifers. 
The years during which the F^^ and 63 cows calve in the initial design and 
this revision are similar. This inbreeding minimization design results 
in 282 additional cows to sell and more steers but less heifers to sell. 
Mature cows are seldom retained in this design, however, which creates 
some problems for the 65 comparison which is not acceptable since ade­
quate numbers are not produced as can be seen in Table 32. A conq>arlson 
cannot be made in year eight probably again as a result of the facilities 
being used by foundation cows rather than by F^ cows during year three. 
A serious problem is the sale of the Hereford and Holstein cows a year 
prior to the Angus and 64 cows. 
The second revision of the model investigated the change In the 
optimal design of the experiment if all the sale prices for cattle and 
carcass beef were to be reduced by 25 percent while the costs of Inputs 
Table 28. Inventory of cow numbers after minimizing inbreeding 
n 
Year of Purebreds AH AF HF Synthetic 
experiment Angus Hereford Holsteln HA FA FH G3 G4 Total cows 
2 169 169 170 
3 166 165 167 
4 164 163 171 
5 42 40 40 
6 70 58 65 
7 36 48 40 
8 46 38 37 
9 30 38 37 
10 48 30 31 
11 30 30 30 
12 32 27 28 
13 30 12 12 
14 29 — —  
508 
498 
— 16 1 — — 515 
2 50 35 — — 209 
2 35 35 7 — 272 
— 2 2 56 — 184 
— 92 3 216 
75 26 206 
67 176 
97 187 
94 181 
91 137 
88 128 
Table 29. Sales of cows for breeding afl:er minimizing Inbreeding 
Year of 
experiment Angus 
Purebreds 
Hereford HoILsteln 
AH 
HA 
iL 
AF 
FA 
HF 
FH 
Synthetic 
63 G4 
Total Cow 
Sales 
3 — — —  —— 
4 152 152 152 
5 7 6 12 
6 31 31 25 
7 5 23 22 
8 31 14 15 
9 21 19 
10 27 14 15 
11 17 14 14 
12 — 14 14 
13 11 12 
14 28 • M IM • 1 
Total Sales 298 300 300 
— 15 1 — — 
1 32 32 —— — 
72 
86 
1 47 33 92 86 
0 
456 
41 
152 
50 
80 
112 
56 
45 
28 
23 
114 
1157 
Table 30. Sales of steers and heifers after minimizing inbreeding 
n 
Purebreds AH AF HF Synthetics Total sale 
Year of Angus Hereford Holstein HA FA FH G3 G4 G5 animals 
experiment S H S H S H S H S H S H S H S H S H S H 
3 33 24 33 26 35 22 32 32 33 18 34 32 200 154 
4 34 33 35 7 33 32 34 0 34 0 203 39 
5 37 — — 36 11 35 12 35 34 33 31 32 31 7 215 119 
6 3 15 16 49 83 — — —  
7 14 23 — —  21 43 — 3 — — — 104 
8 16 -— 16 16 1 1 23 — 72 1 
9 19 — —  15 15 —  —  — — — 41 — 1 1 91 2 
10 11 — —  15 15 33 — 11 10 85 10 
11 19 19 12 12 13 13 26 27 70 71 
12 12 12 12 11 12 12 40 41 76 76 
13 12 13 10 10 11 11 41 40 74 74 
14 13 12 5 5 5 5 40 40 63 62 
15 13 12 39 39 52 51 
Total Sales 236 92 225 75 229 82 100 98 100 49 100 63 100 1 100 0 198 198 1388 658 
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Table 31. comparison^ with purebreds after inbreeding minimization 
Year of Purebreds HA FA HF 
birth Angus Hereford Holstein AH AF FH 
2 33 33 35 32 33 34 
3 34 33 35 33 34 34 
4 34 34 31 35 33 32 
Total 101 100 101 100 100 100 
^Only steers are included. 
^Only those from foundation cows. 
Table 32. Synthetic comparison^ with purebreds after in­
breeding minimization 
Year of 
birth 
Purebreds Synthetic 
Angus Hereford Holstein G5 
8 b b b b 19 15 15 1 
9 11 15 15 11 
10 19 12 13 26 
11 12 12 12 40 
12 12 10 11 41 
13 13 5 5 40 
14 13^ — 39® 
Total 67 42 56 158 
®Only steers are included. 
^Not included in the total because an adequate com­
parison cannot be made during this year. 
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remained constant. While this situation may not seem to be completely 
realistic, it does represent a potential situation which could exist and 
one in which an administrator would be interested. The restrictions on 
numbers of two year olds required to calve are not included in this 
model. 
Tables 33 to 38 can be compared with Tables 21 and 26 to determine 
the changes in the optimal design of this experiment. The total cost of 
the experiment increases $265,721 with the reduction in prices. The 
facilities, pasture, and supplemental labor requirements change only 
slightly. The numbers of cows kept are similar to those kept in the 
initial design with the only change of significance being the manner of 
production of the G3 cows. In this design most of the foundation Angus 
are retained during year five to produce XA calves and less heifers 
are calved out. The heifers which are retained are AF and FA heifers. 
Additional Angus heifers are also retained from the first calf crops 
to produce XA calves as well. Table 38 shows that a reasonable compari­
son of G5 synthetics versus the purebreds is made but the inadequate 
comparison in year eight prevents the comparison from being as sensitive 
as was planned. 
The third revision to the model was investigated to determine the 
effect upon the optimal design of failing to accurately estimate the re­
productive coefficients in Holsteins and their crosses. This revision 
was included because the reproductive rates and other critical traits of 
breeds and crosses are often not known with great accuracy or at least 
they cannot be predicted accurately for the conditions under which the 
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Table 33. Resources other than cattle required In the experiment 
after the sale price reduction 
Requirement (units) Period 1 Period 2 Period 3 
Feedlot space (head 
capacity) 519 — — —  
Alfalfa pasture (acres) 304 — — —  —— 
Improved bluegrass (acres) 451 1171 2084 
Com stover (acres) 432 1260 1080 
Com silage (acres) 2890 6442 5583 
Hay (tons) 156 454 390 
Supplemental labor (hours) 4520 13,489 — — —  
Budget (dollars) 530,370 64,107 123,150 
Table 34. Inventory of cow numbers after the sale price reduction 
Year of 
experiment 
Purebreds AH 
HA 
Fl 
AF 
FA 
HF 
FH 
Synthetic 
Total cows Angus Hereford Holstein G3 G4 
2 169 169 170 508 
3 166 165 167 498 
4 174 156 158 
a 488 
5 88 — — —  34 122 
6 49 8 10 34 a 8 109 
7 15 7 9 59 90 
8 21 10 13 87 3 134 
9 26 13 16 83 27 165 
10 34 17 13 63 114 
11 31 15 19 98 163 
12 44 22 23 95 184 
13 42 21 22 91 176 
14 40 20 21 89 170 
^Activities with less than three cows were ignored. 
Table 35. Sales of cows for breeding after the sale price reduction 
Fl 
Year of Purebreds AH AF HF Synthetic Total cow 
experiment Angus Hereford Holstein HA FA FH G3 G4 sales 
3 w— 
4 114 
5 53 
6 31 
8 — — 
Q —— 
10 13 
11 
12 —— 
13 —— 
14 39 
Total Sales 250 
152 
20 
179 
152 
32 
20 
180 
81 
32 81 
86 
86 
0 
418 
53 
63 
89 
20 
165 
808 
Table 36. Sales of steers and heifers after the sale price reduction 
n 
Purebreds AH AF HF Synthetics Total sale 
Year of Angus Hereford Holsteln HA FA FH G3 G4 G5 animals 
experiment S H S H S H S H S H S H S H S H S H S H 
3 32 15 32 32 34 34 33 32 34 32 33 32 198 177 
4 34 33 34 34 35 34 34 34 — 34 34 203 137 
5 34 18 34 26 31 21 34 34 32 31 32 31 R*-- 205 161 
6 51*-- 51 
7 6 — —  3 4 29 — 3 — — — 45 
8 6 3 4 — — — —  —  — —  24 — — — 37 
9 9 4 — —  5 — — — —  — —  37 — 1 1 56 1 
10 11 5 6 — —  — —  — —  — —  — —  37 — 10 10 69 10 
11 14 14 7 7 5 5 25 25 51 51 
12 12 12 6 6 7 7 41 41 66 66 
13 18 18 9 9 9 9- 42 42 78 78 
14 18 18 9 9 9 9' 40 40 76 76 
15 18 18 9 9 8 8 39 39 74 74 
Total Sales 212 113 154 132 156 128 101 100 100 63 99 97 88 — 101 — 198 198 1209 831 
^Primarily XA steers. 
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Table 37. comparison* with purebreds after the sale price 
reduction 
Fl 
Year of Purebreds HA FA HF 
birth Angus Hereford Holstein AH AF FH 
2 32 32 34 33 34 33 
3 34 33 34 34 34 34 
4 34 34 31 34 32 32 
Total 100 99 99 101 100 99 
^Steers only are Included. 
Table 38. Synthetic comparison^ with purebreds after the 
sale price reduction 
Year of 
birth 
Purebreds Synthetic 
Angus Hereford Holstein G5 
8 9^ 4^ 5^ 1* 
9 11 5 6 10 
10 14 7 5 25 
11 12 6 7 41 
12 18 9 9 42 
13 18 9 9 40 
14 18 9 8 39 
Total 91 45 45 197 
^Steers only are included. 
^Not included in totals as an adequate comparison 
cannot be made. 
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proposed experiment is to be conducted. The weaning percentages of all 
the purebred Holsteins and their crosses are reduced to 50 percent in 
this revision. Tables 39 to 44 show the dramatic effect upon the optimal 
design resulting from this revision. 
The total cost of conducting the experiment is doubled as a result 
of the reduction in the reproductive coefficients. The resources re­
quired to produce the comparisons are greatly increased and the pasture, 
lot space, and capital which was sufficient in the previous designs are 
no longer adequate. As could be predicted, the G3 animals are produced 
almost entirely from foundation Angus, young Angus, HA and AH cows. The 
G5 versus purebred comparison in Table 44 is particularly unsatisfactory 
as the G4 cows calve in year 15 when none of the purebred cows calve. 
In view of the widely varying optimal designs based on the initial 
LP model and its revisions, a single overall optimal design is somewhat 
difficult to suggest. There are, however, several clear conclusions 
which can be drawn from the results of these analyses. 
The purebred versus comparison should be made in three calf crops 
instead of two. The replacement females to produce the third generation 
should be retained from the second and third calf crops. The dairy cross 
heifers are more profitable (or less costly) to keep than HA or AH 
heifers if their reproductive coefficients in the initial model are 
accurate. If prices are expected to drop sharply or the reproductive 
performance of the dairy cross cows is expected to be poor, the optimal 
method of producing the G3 cows is to retain the mature Angus cows in 
year five to produce 3^ calves and produce much smaller numbers of G3 
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Table 39. Resources other than cattle required In the experiment 
after changes In the reproductive coefficients 
Requirements Period 1 Period 2 Period 3 
Feedlot space (head 
capacity) 646 — 
Alfalfa pasture (acres) 559 72 — 
Improved bluegrass (acres) 400 844 2710 
Corn stover (acres) 545 1920 1693 
Com silage (acres 3190 9712 8823 
Hay (tons) 197 889 577 
Supplemental labor (hours) 7711 26,340 1810 
Budget (dollars) 701,438 49,800 147,225 
d for G4 cows sold in year 15. 
Table 40. Inventory of cow numbers after changes in the reproductive coefficients 
Year of • Purebreds AH AF HF Synthetic 
experiment Angus Hereford Holstein HA FA FH G3 G4 Total cows 
2 185 169 278 632 
3 181 166 272 619 
4 207 156 259 34 656 
5 238 — — —  68 —® 306 
6 58 11 26 11 — 47 — 153 
7 22 11 25 
a 
175 — 233 
8 29 14 30 202 11 286 
9 17 9 13 152 54 245 
10 29 14 19 103 165 
11 34 17 28 137 199 
12 45 22 31 132 230 
13 43 22 30 128 223 
14 42 21 29 125 188 
15 — 121 121 
^Activities with less than three animals were Ignored. 
Table 41. Sales of cows for breeding after changes in the reproductive coefficients 
Year of 
experiment Angus 
Purebreds 
Hereford Holstein 
AH 
HA 
IL 
AF 
FA 
HF 
FH 
Synthetic 
G3 G4 
Total cow 
sales 
3 —— 
5 195 
6 34 
8 20 
10 — 
11 
12 —— 
13 —— 
14 40 
15 
Total Sales 289 
151 
10 
20 
181 
249 
22 
28 
299 
32 
33 
— — — 41 — 
— — — 146 — 
65 — — 187 116 
400 
227 
67 
71 
168 
88 
116 
1137 
M 
NJ 
W 
Table 42. Sales of steers and heifers after changes in the reproductive coefficients 
Fl 
Purebreds AH AF HF Synthetics Total sale 
Year of Angus Hereford Holstein HA FA FH G3 04 05 animais 
experiment S H S H S H S H S H S H S H S H S H S H 
3 35 33 32 34 34 34 35 34 34 32 205 132 
4 37 — 34 33 34 34 37 34 34 33 33 209 134 
5 28 5 34 23 32 6 28 28 33 28 33 32 46 234 122 
6 130 130 
7 8 — —  4 6 32 11 —— —— 61 
8 8 — 4 —— 6 2 2 43 63 2 
9 12 6 7 — — — — 50 — 3 3 78 3 
10 7 3 9 —— — — — 37 — 13 13 69 13 
11 11 — —  6 5 — 25 25 47 25 
12 14 14 7 7 5 5 — 34 33 60 59 
13 18 19 9 9 8 7 — 32 33 67 68 
14 18 18 9 9 7 7 — 31 31 65 65 
15 18 18 9 9 7 7 — 31 30 65 64 
16 — 30 30 30 30 
Total Sales 214 74 158 122 160 100 99 28 102 96 100 97 210 2 141 0 199 198 1383 717 
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Table 43 . comparison^ with purebreds after changes in the repro­
ductive coefficients 
Fl 
Year of Purebreds HA FA HF 
birth Angus Hereford Holstein AH AF FH 
2 35 33 34 34 35 34 
3 37 34 34 37 34 33 
4 28 34 32 28 33 33 
Total 100 101 100 99 102 100 
^Only steers are included. 
Table 44. Synthetic comparison^ with purebreds after changes 
in reproductive coefficients 
Year of Purebreds Synthetic 
birth Angus Hereford Holstein G5 
8 12 6 7 3 
9 7 3 9 13 
10 11 6 5 25 
11 14 7 5 34 
12 18 9 8 32 
13 18 9 7 31 
14 18 9 7 31 
15 30® 
Total 98 49 48 169 
*Only steers are included. 
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calves from females. 
The comparison of G5 versus purebred should be conducted in the years 
nine through 14 with care taken to have adequate numbers of similarly 
aged cows present during each of the years of the comparison. 
The experiment will cost approximately $500,000 to conduct. A feed-
lot with capacity for at least 520 head will need to be constructed and 
approximately 170 heifers of each breed purchased. Three hundred and 
fifty acres of alfaifa-bromegrass pasture must be available during the 
early years of the project as well as 400 acres of bluegrass through the 
course of the experiment. Arrangements will have to be made to supple­
ment the labor force at least during the early years of the project. 
Facilities are also necessary for the production, storage and feeding 
of com silage to the cows unless the price relationships among the 
available feeds change. 
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DISCUSSION OF THE USEFULNESS OF LINEAR PROGRAMMING AS A 
TOOL TO DESIGN EXPERIMENTS 
This discussion contains a critique of the model which was simu­
lated Including Its weaknesses and Its accomplishments. Also Included 
Is a general discussion of the utility of LP as a tool to Improve the 
manner In which beef cattle breeding experiments are designed. This 
will Involve description of the computation costs and research time used 
In the development and solving of LP simulated models of experiments. 
The final portion will cover the future research which should be con­
ducted In this area and the expansion of Its application to areas other 
than beef cattle breeding. 
There are several deficiencies in the model which was developed that 
may have affected its usefulness. The first problem is that the bulls 
which must be produced and cared for in this experiment were completely 
ignored to simplify the model. Inclusion of the bulls would have meant 
higher total experimental costs and some Increase in the numbers of calves 
to be produced since carcass information would not be available on the 
bulls. Another critical factor which was ignored was the increased 
weaning weight of the calves from older cows and the fact that the mini­
mum number of calves to adequately determine a specific difference is 
dependent upon the numbers of calves produced per cow. The failure to 
use discounted returns during the later years of the model may have also 
affected the results of this study. 
A defect in the model prevented the sale of cows after the 15th year 
of the project but this was not seen as a critical problem except in the 
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results of the revision with greatly reduced reproduction. The question 
of the sensitivity of the optimal solution to changes in coefficients Is 
very important and this area was not investigated as thoroughly as would 
have been desirable. Finally, the model presented some optimal solutions 
which were not completely realistic and prevented adequate comparisons. 
These problems are the result of not placing sufficient restrictions on 
the model. These "unrealistic" models are, however, valuable to the 
researcher simulating the experiment as first stages in the development 
of the final design, as they indicate the exact types of restrictions 
which must be placed on the model and eliminate redundant restrictions. 
These designs are produced as result of allowing the model to be opti­
mized without so many constraints that the optimal solution can be almost 
entirely predicted in advance. The full potential of LP to design an 
economically optimal solution is, therefore, not unnecessarily limited. 
There are other areas in which the development of this model could 
have been improved or more information extracted from the analyses. The 
use of a discounted cash flow method with the consideration of inflation 
might have had a significant influence upon the result. This method, 
however, is probably not as critical in the modeling of an agricultural 
experiment station research farm as it would be for a business as the 
experiment station does not borrow money to finance experiments but 
uses the funds available at a given time. 
The feedlot space which is constructed to feed out the calves from 
the first three calf crops is not fully utilized during most of the re­
mainder of the experiment. This situation could trouble an administrator. 
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The years In which excess space Is available can, however, be predicted 
using the LP analysis and released to other experiments requiring short-
term feedlot space. 
Another aspect which has not been discussed in detail is the years 
which are available for completion of the experiment. The LP model was 
allowed to choose the number of years which minimized the total cost 
of the experiment. From the standpoint of the industry, however, earlier 
knowledge of the Information to be obtained from this experiment could 
have benefits which would greatly surpass the added costs of completing 
the experiment several years early. 
A number of additional analyses could have been run using this model 
to provide more information about the utility of LP in the design of exper­
iments. These include varying the level of heterosis retention expected in 
the G5 animals from zero to five percent and noting the reduction in cost 
of the experiment if some of the design considerations are relaxed. As 
an example, the reduction In costs due to reducing the number of Holstein 
calves required to be produced as contemporaries of the G5 calves could be 
determined and then conçared to the resulting decrease in the accuracy of 
the comparison. 
Some important goals, however, were accomplished by this LP simula­
tion of a beef cattle crossbreeding experiment. First of all and perhaps 
most Important is that It has shown that this type of simulation can be 
done for a complex experiment and that the optimal designs produced by 
the MPSX package are useful both as planning tools for the researcher and 
as valuable decision making aids for the administrator who is funding the 
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project. The optimal design as indicated by the MPSX solution will enable 
the research to predict the resource base which must be available to con­
duct the project, how large a budget will be required to initiate the 
project, how many cows (heifers) must be purchased to begin the project, 
etc. The solution will also indicate appropriate timing for the sale 
of excess cows, when heifers should be retained as replacements, and other 
useful information. Although this was not specifically investigated in 
this research, the cost of adding restrictions of interest could be 
determined by noting the change in the total cost of the program after 
addition of the restriction or set of restrictions. The comparison 
could be considered in this manner for the total cost of the program in­
creased from $260,775 to $451,906 after the restrictions which required 
the comparisons to be made were included in the model. The change in 
cost of detecting five versus 10 percent or greater differences between 
breed or breed cross means can also be determined by varying the restric­
tions upon the numbers which must be produced. 
The utility in general of LP simulation is dependent on the questions 
which are asked. In other words, what options are simulated that the 
MPSX package can choose from to determine the optimal design. Is the 
model given realistic accurately estimated alternatives that allow it 
sufficient flexibility? The utility of LP simulation must also depend 
upon how the result or output is used. The results must be properly 
analyzed to ensure that they yield all the information that can be drawn 
from them and to ensure that there is not a mistake in the model or that 
a situation does not exist in the optimal design which is unrealistic 
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from a management or other standpoint. If such a situation does exist, 
then a restriction or other revision of the model is required to make 
the optimal design more realistic. Revisions may also need to be run to 
determine the effect upon the optimal design of failure of coefficients 
which have been found to have a critical effect upon the optimal design 
to be equal to their estimated values. 
The results of this procedure appear to be of the type which could 
be of great value to the experimenter in the preparation of the project 
proposal to answer the potential questions of the administrator who funds 
the project. These questions might be of the type, "What would happen 
if. . . ?" and could each be answered by an additional revision and 
optimization of the model. One method of presenting the budget require­
ments would be to consider a portion of the budget required to initiate 
the study as being borrowed and will be returned during the later periods 
of the experiment. This type of proposal would be especially useful if 
the cattle market could be expected to improve from its current state. 
The LP simulation of a complex breeding experiment can also be considered 
as a feasibility study to ensure that the experiment can be conducted 
with the facilities and land that are available. 
The costs of developing the LP simulation and solving the resulting 
model could be an important factor governing the usefulness of this pro­
cedure. Some of the factors which will influence the cost of LP simula­
tion of experiments include the complexity of the experiment being simu" 
lated, the availability of realistic production coefficients, and the 
experience of the experimenter with the development of LP models. The 
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costs will also be highly dependent upon how many revisions of the model 
are necessary to make the optimal design realistic and the number of 
additional restrictions or revisions of production and price coefficients 
which will require reoptlmlzatlon of the model. 
The cost of optimizing the model for the first time was approximately 
$100.00 which included several minor revisions before the optimal solution 
was reached. This was possible because the model as used by the NPSX 
package was stored on tape as were the solutions. No more than four 
minutes was allowed during any given run as an interval time check and 
if the solution was either Infeasible or nonoptimal at the time check, 
the solution at that point in the iterative procedure was stored on the 
tape. The total time required to solve the model for the first time was 
approximately eight minutes. Several additional revisions were needed 
to arrive at the optimal solution discussed in detail in the results 
section. These Included the revision to force the versus purebred 
comparison, the addition of capital accounting by period, allowing the 
sale of and contemporary purebred heifers, and then forcing the sale 
of equal numbers of reciprocal cross heifers if any F^ heifers were sold. 
The costs of these revisions ranged from $30.00 to over $100.00. The 
RANGE analysis took approximately one minute of time to be printed out 
as indicated by the time clocks on. the M?SX output. This would represent 
a cost of approximately $15.00. The costs of the revisions discussed in 
the results section varied from a low of $10.00 for tne reduction in 
cattle prices to approximately $60.00 for the inbreeding minimization. 
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The total costs of developing and solving the LP simulation models 
developed in this research are probably somewhat higher than they would 
be after improved procedures of developing LP simulation models of ex­
periments have been developed. In the future the total cost of developing 
and of solving the initial model and of solving revisions of interest 
probably can be kept under $500.00. While this may seem to be quite high, 
it is minute compared to the total cost of conducting the actual experi­
ment. It is especially small when considered in terms of the money 
wasted in conducting an experiment that does not achieve its goals or 
achieves them in an inefficient manner. 
The potential for use of LP simulation of experiments in the future 
appears to have the opportunity to grow along with the continuing ex­
pansion of systems analysis in many aspects of Animal Science. The 
research presented in this dissertation is only the initial step in the 
development of this area. The model presented can be considered as a 
multiperiod model. This type of programming probably can be advanced 
considerably and there are also other types of programming that are 
widely used in optimization procedures which have not been investigated 
in this research. These include integer programming, separable program­
ming, multi-goal programming and goal programming. It is perhaps worth­
while to discuss further the latter three types of programming. 
Separable programming involves the use of a nonlinear objective func­
tion or nonlinear constraints on the model. This method of programming 
could be useful in modeling animal systems in experiments since few of the 
relationships involving animals can be expected to be linear in nature. 
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Multi-goal programming involves development of a set of goals each of 
which is important to the researcher. Each of these goals is assigned a 
weight relative to its importance (Candler and Boahlje, 1971). The objec­
tive of multi-goal programming is to maximize (or minimize) the summation 
of the weights assigned to each goal times the aggregate goal scores. The 
aggregate goal scores are defined as the summation of the contribution to 
each goal from one unit of each activity times the number of units of each 
activity. This procedure could possibly be adapted for use in improving, 
experimental design with the multiple goals being minimizing the variance 
of the estimates of the treatment means and minimizing the expenditures for 
resources. The activities in such a model could include the production of 
one, two, three or four calves per cow. The problem would be in determin­
ing the proper weighting of the importance of a reduction in the standard 
error of a treatment mean to the reduction in the cost of the experiment. 
A given weighting, however, can be used and if the results are not satis­
factory to the researcher, the weights can be respecified. 
Goal programming differs from multi-goal programming in that a 
hierarchy of goals is established such that the lower priority goals are 
considered only after the higher priority goals have been optimized (Lee, 
1972). This procedure, however, does not allow the sacrifice of even a 
sînall aaount of a higher ranked goal to gain a very large quantity of a 
lower ranked goal. Thus if reducing variance was the higher goal and 
reducing cost the lower one, no amount of savings in costs would allow 
an increase in the variance of the estimation of a treatment mean above 
the minimum value attainable with the resources available to the 
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experiment. The use of multiple objective programming of which multi-goal 
and goal programming are examples would seem to have a great deal of poten­
tial application to the Improvement of the manner in which experiments are 
designed. 
The future use of LP in the improvement of experimentation should 
Include some method of relating the variance of treatment means more 
directly to costs than was done in this research. Perhaps some function, 
such as is shown in Equation 5, could be included in the objective func­
tion if multi-goal programming is found not to be satisfactory for this 
purpose. The utility of LP in designing breeding experiments would be in­
creased if the model was designed such that the results would indicate the 
entire breeding structure of the experiment with the numbers of sires and 
dams mated to each sire each year being specified. A model which would 
answer these questions would need to be more complex than the one used in 
this research. As a result, the experiment designed should be less com­
plex and involve fewer years. This type of model would likely require 
quadratic or separable programming to solve. 
One criticism of this type of research which is often raised is that 
the production coefficients used are means of parameters which in actuality 
show considerable variation. This is an area which particularly requires 
further research. An initial method of dealing with this problem, when 
the distribution of a parameter is known or can be estimated, is to run 
three analyses which use as the value of the parameter its mean value and 
then values of plus and minus one standard deviation from the mean. Ex­
amination of the results of these analyses should enable the researcher 
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to determine how critical a problem will result if means are used in the 
LP analyses. This is similar, of course, to the manner in which the 
effect of lack of exact knowledge of coefficients can be investigated. 
LP modeling has the drawback that considerable effort is required to 
detennine the coefficients which are critical and the model may be quite 
expensive to reoptimize if there are changes in the restrictions on the 
model or activities to add or delete. Also a considerable knowledge of 
linear programming and probably more advanced types of mathematical pro­
gramming will be required to develop this research further. 
The fact that only breeding experiments were examined and analyzed 
using LP simulation does not mean that it cannot be used for any other 
type of animal science, agricultural or even nonagricultural research. 
It does seem to be especially useful for optimizing the design of experi­
ments such as animal breeding and nutrition studies which produce sub­
stantial amounts of saleable products. The primary goal of this research 
was to investigate whether or not this type of research is feasible and 
gives useful results and it seems fairly safe to assume that this goal 
has been answered affirmatively. 
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SUMMARY 
Linear programming seems to be a tool which can be very useful in 
improving the methods by which beef cattle breeding experiments are 
designed and conducted. The optimal solution to an LP simulated experi­
ment shows whether the experiment can be conducted with the facilities 
and other resources available (i.e. feasibility); what the experiment can 
be expected to cost; and to a certain extent the sensitivity of the opti­
mal solution to certain types of changes in the coefficients, particularly 
prices. Revisions of the initial model can be used to determine the 
effect upon the optimal design of properly estimating critical coeffi­
cients or prices. Information of this type should be very useful to the 
researcher in the preparation of a project proposal that answers the 
potential questions of an administrator. 
The optimal design for conducting the experiment which was simulated 
in this research will cost approximately $500,000. This cost includes 
building a feedlot with capacity for over 500 head. Approximately 170 
heifers of each breed must be purchased to produce the versus purebred 
comparison in three years. The comparison of.65 synthetic calves to 
purebreds is conducted from year nine until the end of the experiment. 
The problem that arose with regard to this comparison was that the pure­
bred and G5 calves were not always bom in the same years from dams of 
comparable ages. Unless the experiment is forced to calve out a speci­
fied number of purebred heifers during the years four through seven a 
severe inbreeding problem and other difficulties could arise. Quite 
drastic changes in the sale prices and reproductive coefficients did 
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substantially alter the optimal method of conducting this experiment. 
The noncattle resources that the experiment required also included 
350 acres of alfalfa-bromegrass pasture during the early years of the 
project and facilities for the production and feeding of com silage to 
the cows. Supplemental labor will also be required to achieve the goals 
of the experiment. 
The cost of conducting this type of analysis is not inexpensive if 
a rather complex experiment is being optimized but it is not great in 
relation to the total cost of the experiment. Refinement in the tech­
niques of development and optimization of simulated experiments should 
also reduce the computation costs as well as the costs of the experi­
menter's time used in the development and solving of the model which was 
considerable in this research. 
Although the only aspect of design which was directly investigated 
in this research was the number of replications (animals) of a particular 
breed or cross to detect differences of a given magnitude with a speci­
fied probability, similar methods could be used to investigate other 
aspects. One aspect of particular Interest which was discussed was the 
minimization of the standard error of a mean perhaps by varying the 
number of calves produced by a given cow and at the same time including 
some consideration of minimizing costs. This type of research would re­
quire multi-goal or goal programming. 
The utility of linear programming as a tool for the improvement 
of beef cattle experimentation has been demonstrated by this research. 
The fact that only beef cattle breeding experiments were investigated 
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does not limit its use to this type of experiment. The design of many 
types of experiments would appear to benefit from this type of research. 
The application of these methods could extend to beef cattle nutrition 
studies, swine breeding and nutrition studies and, in fact, most types 
of experiments involving substantial outlays of capital and other re­
sources. Those experiments which yield substantial quantities of 
saleable products would likely be especially benefited by this type of 
modeling and analysis. The potential of LP simulation of experiments and 
of the optimization of experimental design appears to be promising if 
knowledgeable researchers are willing to spend the time to develop it. 
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DEVELOPMENT OF THE LP MATRIX FOR THE EXPERIMENT 
TO INVESTIGATE SYNTHETICS 
An understanding of the development of the LP matrix for the simu­
lation of this crossbreeding experiment Investigating the heterosis re­
tained in a synthetic breed of beef cattle is not necessary to compre­
hend the results section of this dissertation. It may, however, be of 
interest to some readers, especially those contemplating modeling their 
own proposed research and so it is presented as the Appendix. The LP 
matrix contains approximately 570 rows, restraints or transfer rows, 
and 720 columns or activities. This matrix is too large to show in 
complete form but the types of activities and restraints are explained 
so that the basic setup and operation of the matrix can be understood. 
The activities are described first since the restrictions are more 
easily perceived after the activities have been explained. 
The cow activity AHY04 is used to explain the naming system for the 
cows two years old and older. The first two letters, AH, indicate the 
breed or cross type involved in the activity; the letter, Y, indicates 
a young cow activity which is an activity which begins with bred heifers 
on November 1 and ends two years later on October 31 after calving two 
calf crops. Replacement of the letter Y with an M denotes a mature cow 
activity of the indicated breeding. Mature cow activities are for cows 
calving at four years of age or older and last one year beginning on 
November 1. The names of the activities for the foundation females differ 
in that only one letter is used to indicate the breed of the cows in the 
activity. The last two digits of the name indicate the year of the 
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activity which can be from 02 to 15. The year of the activity for young 
cows is that of the year in which the activity begins. All years begin 
on November 1 and end on October 31 of the following year. All cow, 
heifer and steer activities are set up to include 10 animals of the 
specified breed or cross. Another method of stating this is that the 
unit of the activity is 10 cows. During certain years of the model 
several additional cow activity alternatives are allowed. The purebred 
cow activities from years 04 to 07 may contain the notations Al, A2, or 
A3 following the name previously described. Within a breed these alterna­
tive activities are identical except for the type of calves produced by 
the cows. The activities ending in Al always produce only purebred 
calves whereas activities ending in A2 produce both purebred and cross 
calves from the purebred Holstein and Hereford cows. The purebred Angus 
cows produce only XA crossbred calves in activities ending in A2 such 
as AM04A2 and and purebred Angus calves in an activity ending in A3. 
The activities for the mature purebred cows of all three breeds 
during year 10 have the endings S or C. These endings are to distinguish 
between the young control purebred cows ^ ich are four years of age and 
are contemporaries of the G4 cows and the older control cows which are to 
be sold along with the generation three cows. The activities for the 
contemporary cows end in C and those of the latter type end in S. 
The coefficients required for the cow activities include their 
requirements for digestible organic matter, labor, com stover, winter 
crude protein, the number of calves produced of each sex and cross, the 
number of cows transferred to the next activity, the weight in pounds of 
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the cows culled, the C row costs and the requirements for feedlot space 
for their calves. The transfer rows between the cow activities are 
labeled with a T preceeding the name of the activity into which they are 
expected to be transferred. 
The activities PANGUS, PHEREF, and PHOLSN are responsible for pur­
chasing Angus, Hereford and Holstein heifers, respectively, in units of 
10 head. These activities have lower BOUNDS of 10 units placed on them 
to ensure that at least 100 heifers of each breed are purchased. 
The calf feeding activities are labeled in a somewhat similar manner. 
The name of the feeding activity for the foundation Angus heifer calves, 
AA261, can be used as an example for all of the feeding activities. The 
first two letters indicate the breed or cross; the third digit refers 
to the sex of the calves in the activity with a 2 indicating a heifer and 
a 3 a steer feeding activity. The fourth digit designates the last digit 
of the year of birth of the calves in the activity; steers have a dash (-) 
in the corresponding position because steers do not necessarily require 
a separate feeding activity each year. The last digit refers to the 
feeding period of which there are five for the steers and six for the 
heifers. Feedlot period one includes only the foundation heifers; period 
two includes those calves born in 1978 and 1979; period three includes 
1980 and 1981 calves; period four includes 1982 and 1983 calves; and 
period five includes all remaining steers and those heifer calves bom 
from 1984 through 1986. Feeding period six includes only heifers born 
from 1987 to the end of the project. These periods were included to 
allow variable feed costs and carcass beef prices during different parts 
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ûf the project if they were desired. 
The steer feeding activities include only C row costs and transfer 
rows. These activities transfer out pounds of carcass beef adjusted for 
a two percent death loss. The heifer feeding activities are considered 
to conclude after the latter two pasture grazing periods on October 31. 
The C row costs for the heifer feeding activities are for costs during 
a full year whereas those of the steers Include eight months of costs. 
Other coefficients required for the heifer activities are labor and DOM 
consumption during the period while they are on pasture. The steer 
feeding activities AA3-5, HH3-5, FF3-5 and G53-5 have lower BOUNDS of 10.2, 
5.1, 5.1 and 20.4 respectively to ensure that the comparison of 65 versus 
purebreds is still adequately conducted after death loss. Forcing the 
steer comparison necessarily forces the heifer comparison to be made as 
well. 
All activities beginning with the letter S are selling activities. 
The forced sale of cows which have remained in the herd as long as the 
initial design would allow are sold through the activities SELLCOWl or 
SELLC0H2. Optional sales of cows earlier than the time of the forced 
sale are allowed through activities beginning with the letter S and 
followed by the name of the activity into which the cows will be trans­
ferred if they are not sold. An example of such an activity is SHAM06 
which allows the sale of cows which will be transferred to the activity, 
HAM06 if they are not sold by activity SHAM06. 
The activities CULLl and CHILLI, sell the cows culled from the model 
because of reproductive failure. CULIl sells cull cows during year two 
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to seven and CULL2 sells cull cows from year eight through the remaining 
years of the model. These are the same periods over which SELLCOWl and 
SELLC0W2 are responsible for selling extra cows and represent capital 
periods of the model. The unit of the cow culling activities is 100 
pounds of culled cow liveweight. 
The sale of carcass beef is based on price per hundredweight with 
an example of such an activity being SÂXB3. The second and third letters 
indicate the breed cross of the carcasses being sold which is AX. The 
third letter, B, simply signifies that the activity is selling carcass 
beef. The last digit indicates the feedlot period during which the sales 
are occurring. 
Excess heifers from the first three calf crops are allowed to be 
sold as bred heifers Instead of being transferred into their respective 
young cow activities. Purebred heifers are sold in 10 head units by 
activities named in the manner of SAÂY05. Twenty head units containing 
equal numbers of each cross and its reciprocal are sold through the 
activities SBCY04, SDAY04, SDHY04 where BC, DA, and DH refer to HA and 
AH, FA and AF and FH and HF crosses, respectively. There are similar 
selling activities for the heifers born in the second and third calf 
crops. The heifers which are born after year 10 are not retained as 
breeding animals and are sold at 15 months of age by activities of the 
type, SELLFF, where the last two letters indicate the breed of the heifer 
being sold. 
The other activities in the model are generally responsible for 
supplying the inputs required by the cow activities. The activities 
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BLD300 and BLD600 build 300 and 600 head capacity feedlots, respectively. 
In the following activities the letters II stand for all of the years of 
the model from 01 to 15 unless other wise specified. 
The activities PALFII (II = 01 to 11) are activities which are 
responsible for the planting of alfalfa-bromegrass pasture. The II 
values Indicate the year in which the pasture is planted. The unit of 
all forage activities is one acre. The PALFII activities supply .25 
acres of alfalfa-bromegrass forage equivalent during the first year 
after planting and 1.0 acre during each of the four following years. 
UNBGII are activities which require one acre of the available acres 
of unimproved bluegrass pasture and do not improve it thus supplying one 
acre to the bluegrass transfer row. The activities IMBGII are blue-
grass Improvement activities and also require one acre of the available 
acres of bluegrass. These activities apply fertilizer and herbicide to 
the bluegrass pasture resulting in increased production of forage and 
thus each unit of these activities supplies 1.8 acres or units of unim­
proved bluegrass pasture equivalent to the respective transfer row. 
The activities named 6RÂLII are grazing activities which require 
one acre of standing alfalfa-bromegrass pasture during the year specified 
by II and supply digestible organic matter (DOM) during pasture periods 
one, two and three. These activities also supply crude protein to two 
additional restrictions during pasture periods one and three to ensure 
that if the pasture forage is supplemented by other feeds that the total 
dry matter consumed during these periods equals at least 10.0 and 9.0 
percent for periods one and three, respectively. Since supplemental feeds 
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are not allowed during pasture period two, there are no restrictions on 
crude protein during that period each year. 
The 6RB611 activities graze one acre of bluegrass pasture equivalent. 
These activities also supply the DOM and crude protein percentage restric­
tions. The activities WTIIl and WTII3 are in a sense dummy activities 
or constraint vectors in that they, in conjunction with the protein per­
centage rows, are responsible for ensuring the required protein percentage 
in the ration. The method of operation of these restraints is explained 
in the discussion of the rows. 
The activities SGCllP purchase and feed ground shelled com in one 
bushel units during the year specified by II and the pasture period 
specified by P which is 1 or 3. In the same manner the activities SHYIIP, 
SCSIIP, and SPRIIP purchase and feed stacked alfalfa hay, corn silage, 
and protein supplement respectively. The unit of each of these activities 
is one ton of feed. These activities all supply the DOM, CP, and protein 
percent restriction rows. 
The activities RCSÂII rent corn stover in one acre units during the 
year specified by II and supply com stover in one acre units to corn 
stover transfer rows. The activities HCSII harvest and stack corn stover 
and supply the com stover requirement rows. The activities which graze 
com stover and also supply the corn stover requirements are named GCSII. 
Both of these latter two types of activities require one acre of corn 
stover per unit of the activity during the year specified by II. 
The activities WALFII and WUBMII supply the necessary crude protein 
during the winter feeding period. WALFII are activities which supply 
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stacked alfalfa hay while the activities WUKMIl supply a urea based 
protein supplement. The unit of both activities is one ton of supple­
mental feed and both activities supply the winter crude protein restric­
tions. 
The activity LH764 is an example of the labor hiring activities, one 
of which is present for every period in the model. The third and fourth 
digits are the last two digits of the calendar year in which the labor 
period begins. The last digit of the activity name is the period within 
the year. The labor hiring periods correspond to the feeding periods 
of the cows. 
The rows or restrictions of this model are more easily explained 
now that the activities have been described. In addition to explaining 
the names of the rows or restraints and describing their function, the 
mathematical type is given and explained. In general for minimization 
models, requirement coefficients are negative and the coefficients of 
supply vectors are positive. The reverse is true for restraints with 
nonzero RHS values. The RHS values for any restraints are given if they 
are nonzero. The row type together with the RHS values are used to 
explain the mathematical types of the rows In the model. The rows of 
the model are as follows: 
Row Name Type Description 
C N The C row is the objective function which is mini­
mized in the optimal solution. Since the objective 
is to minimize total costs in the objective function, 
costs are represented by positive values and returns 
or sales by negative values. This row is noncon-
strained. 
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Row Name 
LR764 
LT76 
LOTBLDR 
TAY02 
MINAC 
MINHC 
MINFC 
Type Description 
L LR764 is an example of the labor hiring restrictions 
and is the restriction which ensures that sufficient 
labor is available during the fourth labor period 
of 1976. The mathematical type is L indicating a 
less than or equal to restriction because the sum 
of the hours of labor used during the period minus 
the hours of hired labor must be less than or equal 
to the amount of labor available from the permanent 
employees which is 1000 hours, the RHS value. 
6 LT76 is the feedlot space restriction for 1976. A 
similar restriction is used for every other year 
through 1991. The activities BLD300 and BLD600 
supply lot space and have positive coefficients 
while the cow activities which require lot space 
for their calves have negative coefficients. The 
row type of 6 ensures that the lot space built is 
at least as great as that required. 
E LOTBLDR is a restriction which ensures that exactly 
one feedlot is built and thus has an RHS value of 
1.0. This restriction Is supplied by BLD300 and 
BLD600 and prevents the model from choosing to build 
.5 units of a 600 head capacity feedlot instead of 
one unit of a 300 head capacity lot. 
G The transfer activities for all the cow activities 
are as thsy vere explained in the colutnne section. 
The activities supplying a transfer row with 
animals have positive coefficients and those remov­
ing animals from the transfer row have negative 
coefficients. The type G ensures that at least as 
many cows are transferred into a cow transfer row 
as are tranferred out into another activity. The 
type 6 rows are used instead of type E restrictions 
which force exactly the number going into a row 
to be transferred out again since the G restrictions 
are easier to solve and in general the result is 
the same as would be achieved with the £ restric­
tions. 
G MINAC, MINHC, and MINFC are the restrictions which 
G ensure that at least the minimum numbers of calves 
6 are produced from the foundation cows to produce 
the versus purebred comparison. The restrictions 
each have an RHS value of 102 and only purebred 
heifer calves which should account for approximately 
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Row Name Type Description 
Mime G 25 percent of the calves supply each of these re­
MINHC G strictions. The restrictions ensure that at least 
MINFC G 100 head of purebred steers and heifers are pro-
duced during the first three years as well as 50 
head of each sex of each crossbred type because of 
the expected sex ratio and breeding program in the 
model. 
ÀAINBD3 
KBGll 
BGTRII 
ALFAII 
DOMIIP 
AÂINBD3 is used as an example of the restrictions 
to prevent large increases in inbreeding in the 
model. AAINBD3 ensures that at least 40, the RHS 
value, Angus two year olds calve during years four 
and five. Similar restrictions are used for Here­
ford, Holstein, and crossbred two year olds in this 
and other periods of the model. 
KBGII are restrictions on the total number of acres 
of unimproved bluegrass. pasture available which are 
400 acres each year. The total number of acres of 
bluegrass pasture used by activities IMB6II and 
UNBGII must be less than or equal to 400 each year. 
For this reason—a nonzero RHS value, the coeffi­
cients for the bluegrass utilizing vectors in this 
row are positive. 
BGTRII are transfer rows for acres of bluegrass 
pasture equivalent. The acres of bluegrass pas­
ture equivalent supplied by IMBGII and UNBGII idiich 
have positive coefficients must be greater than or 
equal to the total number of acres grazed by activ­
ities GRBGII ^ ich have negtaive values. 
ALFAII are the total number of acres of alfalfa-
bromegrass pasture available each year for grazing 
as supplied by the PALFII activities. The acres 
supplied must be greater than or equal to those 
grazed by the grazing activities GRALII. 
DOMIIP are restrictions which ensure that the re­
quirements for digestible organic matter by the cows 
and heifers during pasture period F each year are 
at least met by the grazing and supplemental feeding 
activities. 
CPIIP 
DWIIP 
G These restrictions, CPIIP and DWIIP, act in con­
junction with the activities WTIIP to ensure that 
E a minimum percentage of crude protein is achieved 
4 
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Row Name Type Description 
CPIIP 6 in the ration consumed during periods one and 
three each year. The grazing and feeding activl-
DWIIP E ties supply crude protein in pounds to the rows 
CPIIP and total dry matter weight consumed to DWIIP. 
The coefficients of grazing and feeding activities 
supplying CPIIP are positive (+ a^p) and those 
supplying DWIIP arc negative (- a^^). The activi­
ties WTIIP and rows CPIIP and DWIIP function as 
follows : 
Grazing and 
Feeding Activities 
CPIIP + a CP 
WTIIP 
-.10 > 
DWIIP 
*DW 
+1.0 = 0 
The equality restraint on DWIIP forces the units of 
WTIIP in the units of WTIIP in the solution to be 
equal to the total pounds of dry matter consumed 
by the cows during the period specified by IIP. 
The G restraint on the CPIIP row along with the -.10 
coefficient for the vector WTIIP ensures that the 
grazing and feeding activities supply enough crude 
protein to make up at least 10 percent of the dry 
weight of the ration. When P equals three the -.10 
coefficient is replaced with -.09 to allow the pro­
tein level fed to drop to nine percent of tliê nation. 
CSÂII G The rows CSAII are transfer rows for rented corn 
stover acres. The total number of acres supplied 
by the com stover acreage renting activities 
RCSÂII which have positive coefficients in these 
rows must be greater than or equal to those re­
quired by the grazing and harvesting corn stover 
activities which have negative coefficients in 
these same rows. 
CSRQII G The CSRQII restrictions ensure that the requirements 
for com stover by the cows are at least met by the 
activities GCSII and HCSII which supply corn stover. 
CSHRII E The CSHRII restrictions ensure that an equal number 
of acres of corn stover are harvested as are grazed. 
Thus in the CSHRII rows of the matrix, the HCSII 
activities have a positive 1.0 coefficient. Since 
the RHS value is 0 this restriction forces the same 
157 
Description 
number of acres of com stover to be harvested as 
are grazed. 
The rows CAPTOLl, CAPT0L2, and CAPT0L3 show the 
budget requirements during three phases of the 
experiment. CAPTOLl is the restriction during the 
first two years of the model when capital require­
ments are high and there are no returns. CÂPT0L2 
indicates the capital requirements during the years 
three through seven. CAFT0L3 has the same function 
for the years eight through 15. During these latter 
two periods there are both expenses and returns in 
the experiment. The activities which sell animals 
supply capital and have negative coefficients in 
these rows while the activities which require capi­
tal have positive coefficients. The amount of 
capital minus the returns due to sales must be less 
than the capital available, the RHS values for 
these rows. The RHS values which were used in this 
research were not meant to be limiting, so the val­
ues for CAPTOLl, CAPT0L2 and CAPT0L3 were $800,000, 
$150,000 and $150,000 respectively. 
